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ABSTRACT 

This technical.memorandum presents an analysis of the minimum enkrgy and 

cross  product momentum management control laws which have been selected 

for use in the Space Telescope mission. The ground support requirements for 

implementation of the minimum energy law are  discussed. The impact of each 

law on routine operations and the scientific program is assessed. This docu- 

ment also includes physical interpretations of control laws, suggestions for 

new procedures, and discussion of published accuracy requirements for the 

implementation of the original control laws. This revised version of the docu- 

ment contains corrections of minor e r ro r s  in the ear l ier  versions and a more 

detailed presentation of the implementation of the minimum eaergy law during 

maneuvers . 
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SECTION 1 - INTRODUCTION 

The Space Telescope (ST) is an astronomical observatory to be launched in 

late 1983 or  early 1984 by the Space Shuttle into a nominal 500-kilometer cir- 

cular orbit. The Pointing Control System (PCS) provides the attitude reference 

and control stability for the ST. The most challenging requirement of the PCS 

is the pointing stability of 0.007 arc-second (one sigma) (Reference 1-1). 

The PCS uses software residing in the onboard flight computer and hardware 

located throughout the Support Systems Module (SSM) to accomplish these goals. 

Major hardware components used by the PCS are shown in Figure 1-1. The 

Sun sensors and fixed-head star trackers are required primarily for initial 

attitude determination and recovery. Each of the three fine guidance sensors 

(FGSs) t rack star images within a quadrant of the telescope focal surface ex- 

tending from 10.2 to 14 arc-minutes off the optical (+Vl) axis (Reference 1-2). 

The output of two FGSs is used by the PCS for position e r r o r  and rate deter- 

mination. Additional rate information is provided by the three rate gyro as- 

semblies (RGAs) that contain a total of six gyros, four of which a re  used for 

nominal operation. The PCS actuates torques through four reaction wheel 

assemblies (RWAs) mounted in a skewed configuration. Excess speed is re- 

moved from the reaction wheels by a set  of four magnetic torquer (MT) bars 

that interact with the Earth’s magnetic field. The torque generated by the 

139”s is applied directly to the SSM body and then transferred to the reaction 

wheels. The configurations of the RWAs and MTs are  shown in Figures 1-2 and 

and 1-3, respectively. Measurements of the geomagnetic field are provided 

to the PCS by two redundant three-axis magnetometers. 

The PCS uses the Digital 224 Flight Computer to process input from the Sun 

sensors, fixed-head star trackers, FGSs, RGAs, and magnetometers and to 

command the MTs and RWAs. Figure 1-4 is a block diagram of the PCS. 

This document is primarily concerned with operational and scientific impacts 
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Figure 1-2. Reaction Wheel Configuration. (The figure is 
adapted from Reference 1-2. ) 
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Figure 1-3. Magnetic Torquer Configuration. (The figure is 
adapted from Reference 1-2. ) 
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of magnetic desaturation or  momentum management control laws, i. e., the 

methods by which the commanded magnetic torques are computed for control 

of the reaction wheel speeds. 

To achieve the 0.000-arc-second stability required in the fine pointing mode, 

vibrations generated by the rotating reaction wheels must not excite significant 

ST bending modes. Because the dominant vibration produced by the RWAs 

occurs at the rotational frequency of the reaction wheels, it is required that 

reaction wheel speeds remain below approximately 600 rpm (10 hertz) while 

the ST is in the fine pointing mode (References 1-2 through 1-4). The momen- 

tum management control is required to limit the reaction wheels to 10 hertz 

under normal operating conditions and also in the case of RWA or MT failure. 

It is also desired that the smallest possible magnetic dipole moments be em- 

ployed to  keep the magnetic contamination of the ST scientific instruments 

within acceptable levels. 

Several momentum management control laws have been proposed for desaturat- 

ing the reaction wheels (References 1-2 and 1-3), two of which are recom- 

mended by Lockheed Missiles and Space Company. These are  the minimum 

energy (ME) control law and the cross product (CP) control law. The ME con- 

trol taw minimizes the amount of energy required to generate the control mag- 

netic dipole over a given time interval, which will bring the SSM angular 

momentum to a desired final value. The C P  law is a closed-loop law that 

computes a deterministic control magnetic dipole proportional to the e r ro r  

signal with the constraint that it always be perpendicular to the Earth's mag-. 

netic field. The C P  law can be implemented entirely onboard the ST and must 

be used during initial phases of the mission and during safe mode operations 

when interface with the Space Telescope Operations Control Center (STOCC) is 

unreliable. The ME law requires significant ground support. 

Section 2 presents an analysis of the C P  and ME control laws, including deri- 

vations of the laws, descriptions of onboard impternentation, and delineation 
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of the ground system support requirements. Section 3 contains an analytical 

study of computation required on the ground for implementation of the ME law. 

In Section 4, the impact of each law on routine operations and the scientific 

program is discussed. Estimates of resources required to support each law 

also are given in Section 4. Section 5 discusses the physical interpretation 

of control laws. This section describes control laws in general, summarizes 

the current control laws implemented for ST, and presents alternative tech- 

niques for both inertial targets and maneuvers. Section 6 delineates the math- 

ematical models used in the current control laws implemented for ST and 

reviews the published accuracy requirements and estimates for these models. 
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SECTION 2 - ANALYSIS OF ONBOARD MOMENTUM 
MANAGEMENT SCHEMES 

2.1  GENERAL ANALYTICAL CONSIDERATIONS 

This section provides some analytical considerations which apply in general to 

all momentum management desaturation control laws. Specific considerations 

for the cross  product (CP) and minimum energy (ME) control laws are given 

in Sections 2 . 2  and 2 . 3 ,  respectively. 

The interaction of the desaturation law with the components of the ST is sche- 

matically shown in Figure 2-1 (adopted from Reference 2-1). For any given 

measured reaction wheel (RW) system angular momentum, 

ration law computes the commanded magnetic dipole moment, 

magnetic torquers. The components of 'i? then combine to form the system 

magnetic dipole moment vector, 

-.L 

the desatu- 

for the four 
HRW * 

T'  

T 
, through the following relation: 

31 

where s = sin 35.26' 

c =(i./,/Tpos 35, ztio 

(2-1) 

The matrix M in Equation (2-1) is'called the magnetic coil mounting matrix, 

which results from the magnetic torquer mounting configuration shown in 

Figure 1-3. The interaction between the system magnetic dipole moment 

p 
A a 

and the geomagnetic field B produces a magnetic torque given by 
;I1 
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i 
This magnetic torque -5: is the external torque produced by the momentum 

management desaturation laws to counteract the environmental disturbance 

torques, which are dominated by the gravity-gradient t o r q u e F  , and thus 

to reduce the buildup of the system momentum and to prevent the reaction wheel 

speed saturation. It is evident from Equation (2-2) that at any instant no mag- 

netic torque can be produced in the direction of the geomagnetic field. Only 

because the direction of the geomagnetic field changes in the cuurse of an orbit 

can dumping of momentum occur in three axes. 

M 

GG 

With the ST in an inertial attitude, all external torques a r e  absorbed by the 

reaction wheels. That is, 

e a a 
= T  + T  

HRW M GG (2-3) 

The dumping of reaction wheel momentum 

netic torque 7 through Equation (2-3).  The momentum dumping process 

results in a new reaction wheel momentum which is fed back to the momentum 

management desaturation laws for the computation of the next desaturation loop. 

is thus achieved by the mag- 
RW 

M 

Equation (2-3) can be generalized to 

HRW by the total system momentum 

. . : = g  f 

T RW 

cover the cases 
2 

That is, HT. 

of maneuvers by replacing 

w h e r e g  is the vehicle momentum. 
V 
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The four reaction wheels are mounted in a configuration as shown in Figure 1-2. 

The relation between the total reaction wheel system momentum and the indi- 

vidual RW angular velocities, o 
a 

are given by 
RW' 

L-b -b -b -bJ 

0 where a = sin 20 O, b =(l/flcos 20 , IRw is the reaction wheel inertia, and 

the matrix W is called the reaction wheel mounting matrix. 

Since the method of Lagrange multipliers is used in the derivation of both 

the C P  law and the ME law, the mathematics used in this method is outlined 

below. The problem is a minimization problem of the general form 

t 
J = h(3t f ) )  +l g(x ,x ,u)  dt 

0 

with the constraint 

*a a- 
f ( S , S , U ,  t) = 0 

The necessary conditions for a minimum of J a re  

(2-7) 
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1 = 0 (boundary condition) 
t = tf a.ft 

where 

-- -T-L,, x + P f(x,x, u, t) ga 

and where ?t= state vector 

u = independent (control) variable 

P = costate vector (Lagrange multipliers) 
A 

(2-10) 

(2-11) 
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2 .2  CROSS PRODUCT CONTROL LAW 

The C P  law is a closed-loop control law with the actuating signal proportional 

to the e r r o r  signal. In other words, it provides the commanded momentum 

dipole moments, based on the measured reaction wheel momentum, to achieve 

the momentum desaturation instantaneously. 

The original C P  law is a simple control law which generates a control dipole 

along the direction perpendicular to the geomagnetic field with the assumption 

that the vehicle is in an inertial attitude, i.e., that all external torques a re  ab- 

sorbed by the reaction wheels. This CP law is later modified (Reference 2-2) 

to (1) use the total system momentum 

for absorption of the external torques (i.e., use Equation (2-4) rather than 

Equation (2-3)) so that the law can be used for both maneuvers and observations; 

(2) minimize the norm of the reaction wheel speed vector to keep the reaction 

wheel speed during an observation minimal; and (3) add the reaction wheel 

center speed control loop so that the R W  speeds will automatically center 

after a maneuver and remain centered during an observation. The derivation 

of the modified C P  law, which will be used onboard the ST, is given below. 

A 

HRW 
rather than the RW momentum T 

A t  any given time in the orbit, the desired magnetic torque, is the one that 

cancels the gravitational gradient torquey and reduces the total system mo- 

mentum From Equation (2-4), by changing T to T and choosing the de- 

sired change in AI 

D’ 

A 4 
GG 

31 D 
- A  

T’ 
ET, to be in the direction of but opposite to T’ T’ 

(2-12) 

where Kl is the positive constant commonly called the magnetic d n .  
1 1  
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However, 7 given in Equation (2-12) cannot always be achieved by the magnetic 

torquers because the magnetic torqueTM given by Equation (2-2) has to be kr- 
pendicular to the geomagnetic field. One way of determining FM is to let 

D _. - 

TM - - -f' (2-13) 

and to determine the gain factors K 

square reaction wheel speed, uRW uRW, under the constraint 

K , and K by minimizing the mean 1' 2 3 -T - 
(2-14) 

From the minimum norm reaction wheel momentum distribution law (Refer- 

ence 2-2),  uRWuRW is minimum when expressed in the following form: AT -.L 

"RW 

where a and b a re  defined in Equation (2-5). 

(2-15) 
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Since the resulting RW angular momentum 
portional to the difference between the desired magnetic torque 

tual magnetic torque 

during an observation is pro- 

and the ac- 
RW 

D 
it is seen from Equations (2-13) and (2-15) that M' .-T 

0 can be minimized by minimizing the quantity RW WRW 

subject to the constraint of Equation (2-14). i . e . ,  

K T B 1 + K  T B 2 + K  T B 3 = 0  
D1 D2 D3 

Applying the method of Lagrange multipliers gives 

- 
A 

B 1 = O  
DI 

2 T i 3 @ ,  - 1) + A  T B3 = O  
D3 

T B K  - T  B K  * T  B K  = O  D 1 l l  D 2 2 2  D 3 3 3  

(2-17) 

(2-18) 

where A is the Lagrange multiplier. 
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Solving for K1, K2, K , and X from Equation (2-18) yields 
3 

where 

K 1 = l -  

K2 = 1 

K 3 = 1 -  

Substituting Equation (2-19) into Equation (2-13) gives 

(2-19)  

(2-20) 
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Hence, by comparing Equation (2-20) with Equation (249, 

Substituting Equation (2-15) into Equation (2-1) results in 

(2-21) 

(2 -22) 

According to the pseudo-inverse law, the power loss in the magnetic coil will 

be minimal i f  the magnetic moment is distributed among the four electromag- 

nets by the following: 

(2-23) 
I B' B 

Thus, the basic C P  law for both observations and maneuvers is obtained by 

substituting Equation (2-12) into Equation (2-23). 

where = calculated vehicle gravitational gradient torque 

= sensed reaction wheel speeds 

= sensed vehicle rate 

GG 

RW 
2 

CL: 
A 

"V 
A 

B = sensed Earth magnetic field 
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= vehicle inertia matrix 

= reaction wheel inertia matrix 
IV 

'RW 

Computer studies show that K = 2 G (C = orbital rate) minimizes the reac- 

tion wheel speed swings during an observation. 

The C P  law given in Equation (2-24) is further modified by incorporating the 

M 0 0  

._ 
- - - - -. . _ _  

reaction wheel center speed control loops to keep the reaction wheel center 

speeds at zero. This results in (Reference 2-2) adding two additional terms in 

TD. That is, 
i 

(2-25) 

where H" 
of the RW center speed momenta with limits (H' 
the C P  law, and K and K a re  constants. The momentum vectors $ 
C a re  defined in the following: 

is the RW center speed momentum with dead zone, s i s  the sum C SD 
) for all passes through CSL 

P c CSD and 
a 

= O  if ! ( H c J  1 Hml 

=(HCs) 1 -"L1 if ( H ~ s )  1 ' " ~ i  

.= - HSLl  

1 1 
(HCSD) 

- 
1 

- iHCsi l  + "Ll if ( H C s )  

if I ( H ~ ~ )  I5 H XL2 
i 

(HCSDi = O  
i 

NL2 - if (HCs) > H 
i 

i 

-IHcs) -"LZ 

if (HCs)  < - "L2 = ( H C s )  +"L2 

i 

i 
(i = 2,  3 )  

(2-26) 
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I I .- 

(i = 2, 3) 

& a c = c HCSL (sum over all passes through the CP law) 

4 

= total system momentum due to RW center speeds 
HCS where 

-z 

a k w  a %s 
wcs = 1/2 ' w 

= 

+ a  
RWMAX RWMIN) - 

u = maximum RW speed over last half orbit 
RWMAX 
A 

w = minimum RW speed over last half orbit 
R W ~ ~ ~  

= RW center speed control loop first axis nonlinearities 

= RW center speed control loop second and third axes non- 
breakpoint 

linearities breakpoint 

"Ll 

"L2 

4 a 
The relations between $ CSD' HCSL 
shown in Figure (2-2). The nominal values for H 

, and HCS given in Equation (2-26) a r e  

K and K, a r e  
NL1' "L2' P d 

determined to be: 

= 10.2 

HNL2= 19.8 
HxL1 

K = 2.828 
P 

K = 0.06659 c 

with all quantities expressed in MKS units. 

2 . 2 . 1  Description of Onboard Implementation 

(2-27) 

The ST onboard software requirements a re  described in References 2-3 and 2-4. 

The onboard implementation of the C P  desaturation law is summarized in Fig- 

ure  2-3. A RW center speed computation module and a gravity-gradient model 
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Figure 2-2. Definition of R W  Center Speed Momentum Vectors 
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must be implemented onboard to compute the desired torque ? 
t e r  speed computation module computes the vectors 3 
the RW center speed control based on the R W  speed measurements 

by the RW tachometer over the last half-orbit period. With HCSD a n d r  com- 

puted, the desired torque 

The RW cen- D' 
andrnecessa ry  for CSD 

sensed R W  
a 

is then calculated using the gravity-gradient D 
torque obtained from the gravity-gradient model and the R W  speed and GG 
vehicle speed sensed by the R W  tachometer and the rate gyro assembly (RGA), 

respectively. After =i? is computed, the magnetic dipole moment command 

7 is then calculated, using the geomagnetic field sensed by the magnetometer, 

and sent to the magnetic coils to generate the magnetic torque necessary for 

the momentum desaturation. 

D 

T 

2.2.2 Required Support by the Ground System 

As shown in Figure 2-3, the implementation of the C P  law requires essentially 

no support from the ground system. However, because of the finite possibility 

that the RWA speed may exceed the 10-hertz limit using the C P  law, a simula- 

tor on the ground may be necessary for target screening and control law selec- 

tion. This will not only increase the amount of ground software support, but 

also cause some operational impact. Therefore, it is recommended that fur- 

ther studies be performed to define the cases where the C P  law is not applica- 

ble so that the necessity of the simulator can be removed. More discussion 

regarding this subject is given in Section 4. 
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2.3 -MUM ENERGY CONTROL LAW 

2.3.1 Derivation of Minimum Energy Control Law 

The ME control law is designed to minimize the energy required by the magnetic 

torquers to dump a given amount of angular momentum during a specified time 

interval called the desaturation period. The equations derived in this subsec- 

tion are limited to the cases of inertial attitudes. For  the cases of slew maneu- 

vers, proper coodinate transformations from momentary spacecraft coordinates 

to inertial coordinates are required (Reference 2-5). 

The energy lost in the magnetic coils within a desaturation period of t to t 
o f  

is given by 

(2-28) 

where k is a constant. 

Frdm Equations (2-1) to (2-3), the magnetic dipole moment 

the following differential equation constraint: 

is subject to T 

where 

-B3 

0 

B1 

(2-29) 

(2-30) 
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Thus, the ME law is to determine the magnetfc dipole moment vector 

minimizing the quantity E given by Equation (2-28) subject to the constraint of 

Equation (2-29). Applying the method of Lagrange multipliers, Equation (2 - l l j  

gives 

by 

-_ 

(2-31) 

Then, from Equations (2-8) and (2-9), the following necessary conditions are 

derived: 

d 
dt - ( S j = O  

T -T- q + M  B P=O 

(2-32) 

(2-33) 

Equation (2-32) implies that .z the vector of Lagrange multipliers or  the costate 

vector, is constant. Solving f o r 7  from Equation (2-33) gives T 

A T -T- = -  M B 
pT 

T - -  
= M  B P  (2-34) 

T -  - =&I B x P  
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abstituting Equation 

uration period yields 

(2-34) into Equation (2-29) and integraling over the.desat- 

+ tf FGG dt 

0 
t 

Solving for 7 from Equation (2-35) gives 

where 

4 

H =?f 
I) RW ctf) - HRW 

0 

(2-35) 

(2-36) 

(2-37) 

The ME desaturation law is presented by Equations (2-31), ( 2 , 3 6 ) ,  and ( 2 - 3 7 ) .  

The momentum 

dumped during the desaturation internal t to t 
0 f’ 

defined in Equation (2-37) is the total momentum to be D 
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2.3.2 Description of aboard Implementation 

2.3.2.1 Implementation of the ME Law 

The ME law was originally developed by Dr. John Glaese et al. (Reference 2-6). 

The conventional implementation of the ME law is to use a half-orbit period as 

the desaturation interval and to update the costate vector Fat  the end of each 

desaturation period. The RW system momentum at the end of each desaturation 

interval, HRW (tf), is constant and is selected to center the positive and nega- 

tive RW speed excursions. This implementation is schematically shown in 

Figure 2-4(a). The desaturation period is set at half an orbit period to include 

the major variations in the geomagnetic field and to be compatible with the pe- 

riod of gravity-gradient disturbances. The result is that only the nonperiodic 

portion of the accumulated gravity-gradient momentum is dumped, and no attempt 

is made to counteract the periodic portion. 

a 

Since the M E  desaturation law is open-loop in nature (that is, the RW system 

momentum H couples into the desaturation law only at the beginning of a de- 

saturation period), a desaturation interval of as long as half an orbit period can 

allow H” to drift to large values in the presence of offnominal conditions such 

as coil o r  RW failures. Thus, the conventional ME law only performs satis- 

factorily if either no failure conditions a re  present o r  if only detected failure 

conditions a re  present. To resolve this problem, it is necessary to modify 

the implementation of the conventional ME law. 

+ 

RW 

R W  

The purpose of the modification is to reduce the drawback of the open-loop proc- 

ess by shortening the desaturation period and increasing the updating frequency 

of the costate vector computation, whi le  at the same time keeping the advantages 

of using t h e  half-orbit period a s  the desaturation interval by replacing the 

HRW f 
This nominal momentum profile (t) is the RW system momentum time 

history obtained from the conventlonal M E  law with a half-orbit desaturation 

period and updating interval. 

--.. 
(t ) in Equation (2-37) with a nominal RW system momentum E NOR1 (t f ). 

NOM 

-.r 

(t) can be approximated bv a first-order 
“OM 
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Fourier expansion. The Fourier coefficients will be computed on the ground 

and uplinked to the ST. The computation of NOM 
Section 3. 

(t) is discussed in detail in 

Based on a parametric study performed by LMSC (Reference 2-1), the values 

af the desaturation period and the costate vector updating interval for the modi- 

fied ME control law have been recommended to be 600 seconds and 200 seconds, 

respective 1 y . 
~ 

The equations used in the modified ME control law are summarized below: 

(2 -38) 

= t +600 seconds tf 0 

+ 
where t is incremented in steps of 200 seconds and %- 
RW system momentum obtained with a half-orbit desaturation period. The im- 

plementation of this modified M E  control law is shown in Figure 2-4(b). It is 

y c h  closer to a closed-loop process than the conventional ME law. However, 

the resulting RW system momentum is identical with what would have been ob- 

tained under the nominal situation if the conventional implementation of the  

ME law were used. 

(t) is the nominal 
0 1 OM 

The implementation of the ME law discussed above is limited to the case of 

inertial attitudes. For the case of slew maneuvers, the implementation is 
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somewhat different (Reference 2-5). A short time before the start of a slew 

maneuver (called the lead time), the normal mode of the ME process is in- 

terrupted and a separate maneuver desaturation interval is initiated. This 

maneuver desaturation interval spans the entire maneuver and ends a short 

time after the end of the maneuver (called the lag time). At the termination of 

the maneuver desaturation interval, the ME law continues with its normal mode 

of 600-second intervals and 200-second updates. This mechanization is sche- 

matically shown in Figure 2-5(a). When two slew maneuvers are closely spaced, 

the lag time at the end of one maneuver may overlap the lead time of the next 
maneuver. In this case, the first maneuver desaturation interval is set up in 

the same way as for a single maneuver, whereas the second maneuver desatu- 

ration interval starts halfway between the two maneuvers. This is schematic- 

ally shown in Figure 2-5@). When the end of one desaturation interval occurs 

within a maneuver, that maneuver is ignored in computing the ME law and it is 

assumed that the ST attitude is still that of the inertial attitude prior to the 

maneuver. The advantage of this technique of implementing the ME law during 

maneuvers is that the end of a desaturation interval never falls within a slew 

maneuver and therefore there is no need of computing the nominal momentum 

for  a time-varying attitude. This significantly simplifies the nominal momen- 

tum computations because the nominal momentum can be represented by a si- 

nusoidal function when the ST is in an inertial attitude. 

The required lengths of the lead and lag times have been studied by LMSC. It 

was found that the minimum required lengths for worst case maneuvers do not 

vary much with slew angle for  values above 30 degrees. They are about 

500 seconds for the orbit tracks that are favorable for momentum dumping and 

about 900 seconds for the unfavorable orbit tracks. For slew angles below 

30 degrees, the lead and lag times can be linearly decreased with slew angle. 

For most of the maneuvers to be executed by the ST, the minimum required 

lead and lag times will be shorter than that stated above. However, it was 
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i 
found that the peak RWA speeds are not sensitive to the lengths of the lead and 

lag times and therefore no real benefit would result from using the minimum 

required lengths of the lead and lag times for each maneuver. The procedure 

for selecting the lead and lag t imes will be implemented at the STOCC and the 

lead and lag times will be made part of the maneuver command list. 

2.3.2.2 System Baseline 

Figure 2-6 is a baseline diagram of the onboard implementation of the ME de- 

saturation law. In the figure, the coordinate transformation matrix r 
which is computed onboard by a command generator, is included in the equa- 

tions to cover the cases of maneuvers. In the case of inertial attitude, l? t, t '  
equals identity. The geomagnetic field model, the gravity-gradient model, 

and the Fourier expansion of the nominal RW system momentum must be 

stored onboard for the purpose of computing the costate vector 

momentum at the start of each desaturation period, (t ), is obtained from 

the measurement sensed by the RW tachometer. During an observation, 
A RW 
P is computed with desaturation periods, tf - to, of 600 seconds and updated 

every 200 seconds. Fo r  the case of maneuvers, P is computed for a desatura- 

tion interval from maneuver start time minus lead time to maneuver end time 

t, t '  ' 

The RW 

R W  o 

A 

plus lag time with no updates. 

predetermined by the STOCC and sent to the ST as part of the maneuver com- 

mands. 

The lead and lag times of each maneuver a r e  

4 

A f t e r  P is computed, the magnetic dipole moment command is then calcu- 

lated using the geomagnetic field model and sent to the magnetic coils to gen- 

erate the desired magnetic torque. The updating frequency of p 

50 seconds. For the case of maneuvers, the inertially fixed P must be trans- 

formed to the instantaneous body coordinates before u is computed. This 

coordinate transformation is performed by using the vehicle angular velocity 

measured by the rate gyro assembly. 

T 

a 
is every T - 

2 

T 
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2.3.3 Required Support by the Ground System 

The required support by the ground system (STOCC) for  the momentum manage- 

ment using the ME control law can be categorized into three items: (1) the corn- 

putation of the Fourier coefficients for the nominal momentum profile 

for all the inertial attitudes covering the 24-hour period; (2) the determination 

of the lengths of the lead and lag times for  each of the slew maneuvers; 

and (3) the screening of targets based on the requirement that the reaction wheel 

speeds have to remain below approximately 10 hertz while the ST is in the fine 

pointing mode. 

%OM 

The Fourier coefficients for the nominal momentum profile are needed because 

of the modification to the conventional ME law as discussed in Section 2 . 3 . 2 . 1 .  

The analytical considerations necessary for this implementation a re  given in 

detail in Section 3.  The determination of the lead and lag times for maneuvers 

is required by the way the desaturation period is defined for  the maneuvers 

(see Section 2 . 3 . 2 . 1  and Figure 2-5). The screening of targets is necessary 

because, based on the simulation studies performed by LMSC (Reference 2-S), 

finite chances (-5 percent if all RWA are  operational and -15 percent when one 

RCVA failed) exist in having the RCVA speed exceed the 10-hertz limit during 

the lead and lag time of a maneuver. 

Both the determination of the lead and lag times and the screening of targets 

can be achieved by implementing a simulation for the ME control law. This 

problem is further discussed in Section 4. 
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SECTION 3 - ANALYTICAL CONSIDERATION FOR GROUND SUPPORT 
OF THE ME CONTROL LAW 

The computational support to be performed in the STOCC for the ME control 

law is the determination of the nominal angular momentum profile, 'il 
a NOM@)* 
"OM (t) is the momentum tlme history of a nominally operating spacecraft 

driven by the ME control law with a half-orbit desaturation period. The values 

(t) will be used onboard as the target momentum toward which the re- 
Of 'NOM 
action wheel system momentum will be continuously driven under the modified 

ME control law, which has a 600-second desaturation period and a 200-second 

updating interval. The significance of the half-orbit desaturation period used 

in determining HNoM(t) is to provide a sufficiently long period so that a sizable 

variation in the direction of the geomagnetic field will occur to make the desired 

momentum unloading possible and to take advantage of the half-orbit period of 

the cyclic gravity-gradient torque components. The much shorter desaturation 

period and updating interval to be used onboard will shorten the open-loop de- 

saturation process to prevent the reaction wheel momentum from drifting to 

very large values in the presence of off-nominal-conditions. 

-L 

The manner in which momentum unloading is performed during slew maneuvers 

does not require a nominal momentum profile for the duration of the maneuver. 

The nominal momentum profile is only required for inertial attitudes. 

3.1 OVERVTEW OF COMPUTATION SEQUENCE 

Since the nominal momentum profile i s  periodic with one-half orbit, it can be 

approximated by a sinusoidal function of the following form: 
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i 
where T is the half-orbit period and the components of a and b are the Fourier 

coefficients to be computed at the STOCC and uplinked to the ST. One set of co- 

efficients is required for  each inertial attitude. 

The computation sequence for the Fourier coefficients at a given inertial attitude 

is illustrated in Figure 3-1. In the figure, T i s  the time at  the end of the last 

slew maneuver, h and N are the integration step size and the number of integra- 

tion steps, respectively, to be used in computing the Fourier coefficients. All 

0 

other parameters are as defined in Section 2. The computational sequence can 

be generally divided into three major steps: (1) the computation of the costate 

vector corresponding to a half-orbit desaturation period; (2) the computation 

of the nominal momentum time history RNOM (t); and (3) the transformation of 

(t) to the Fourier coefficientsaandz. "OM 

In each of the three steps, a numerical integration technique i s  required. The 

most commonly used numerical integration technique is the fourth-order 

Runge-Kutta method, which will be discussed in Section 3.2 .  The integration 

steps referred to in Figure 3-1 a re  based on this method. The accuracies of 

the results depend on the step sizes used. On the basis of simulations using the 

fourth-order Runge-Kutta method, LMSC has recommended (Reference 3-1) a 
step size of 600 seconds or less to achieve the 2-percent accuracy requirement 
a . This suggests a value of N = 5 for the number of integration steps 

On "OM 
defined in Figure 3-1. 

Besides the integration technique, two areas  have to be addressed to carry out 

the computations outlined in Figure 3-1: the computation of the gravitational 

gradient torque T~;GG (t) and the computation of the geomagnetic field 3 (t), 

both represented in the ST body-fixed coordinate system. These a re  given in 

Sections 3 . 3  and 3.4, respectively. 
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3.2 NUMERICAL INTEGRATION TECHNIQUE--FOURTH-ORDER 
RUNGE-KUTTA METHOD 

To integrate a differential equation of the form 

= f (t, y )  dt 

and to obtain an exact close-formed solution for y is usually difficult and most 

of the time impossible. Techniques to provide numerical approximations a r e  

therefore important. 

Among the many techniques available in evaluating numerical integrations (e. g. , 
Reference 3-2), the fourth-order Runge-Kutta method is most often used be- 

cause of i ts  accuracy and simplicity. Therefore, this method is recommended 

for use by the STOCC to generate the nominal momentum profile. The equations 

to be used in this method to compute function y are given below without deriva- 

tions : 

- 

k = f !tn, Y,) 1 

h 1 
n - n  2 

1 

kg = f (t + 2, v + - hkl) 

+ - hk2) h k = f ( t  + -  
3 n 2' 'n 2 

k = f (t + h ,  v + hk3) 
4 n 'n 

(3-2) 

where t = t + nh, y, = y (t,), and h is the step size of the integration. n O  
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In the case that f is independent of y, Equation (3-1) becomes 

and Equation (3-2) reduces to Simpsonrs rule of numerical integration: 

(3-3) 

This simplification i s  appropriate for each of the numerical deg ra t ions  re- 

quired in Figure 3-1. 

With Equation ( 3 4 ) ,  y(t)  can be evaluated a t  any time t by a proper choice of 

the integration step h. Notice in Equation (3-4) that for a given value of h, the 

function f is to be computed at  both ends of the interval as well  a s  the midpoint 

between the two ends. Therefore, the actual step size required in computing 

f is h/2. A s  shown in Figure 3-1, to obtain the Fourier coef f ic ien tszandza t  

an integration step size h, the nominal momentum time history: NO& (t)  must 

be evaluated a t  h/2 steps and this requires the computation of T,, T,,, and 

g a t  h/4 steps. 

4 4  

3 . 3  COMPUTXTIOX OF GRAVITY-GRADIENT TORQUES 

The gravity-gradient torque for computing the nominal momentum profile (Ref- 

ence 3-1) is given by 

= 3a 2 [$ x (rRv)] 
T~~ 0 

(3-5) 

where f2 = spacecraft angular rate 
0 

= n/T, where T = half-orbit period 

I = ST inertia matrix 
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= unit ST position vector in spacecraft body-fixed coordinate system 
(V-frame) 

unit ST position vector in equatorial inertial coordinates 
(E-frame) 

coordinate transformation matrix from the E-frame to the 
V-frame 
_. - 

In Equation (3-7), q q q and q4 a r e  the components of the inertial refer- 

ence quaternion c. 1 2 3  

I 

3.4 CA LCULATION OF GEOMAGN 'ETIC FIELD 

The geomagnetic field to be computed by the STOCC can be modeled either by 

spherical harmonic expansions o r  by magnetic dipoles. The equations neces- 
sary for both models a r e  presented in this subsection. A more complete dis- 
cussion of the spherical harmonic expansion model can be found in Reference 3-3 

and that of the magnetic dipole model, which is the model to be used onboard 

the ST, is given in References 3-1 and 3-4. 

3.4.1 Spherical Harmonic Model 

The geomagnetic field in the spacecraft body coordinate %?can be obtained 

through the following transformation: 

T- 4 

B = [VEI [GE] BG 

r 

(3-8) 
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where [VEI = transformation matrix from the equatorial inertial coordinate to 
the body-fixed coordinate as given by Equation (3-7) 

[GE] = transformation matrix from the E-frame to the Earth-fixed co- 
ordinate system (G-frame) (see Figure 3-2) 

sinY 0 cos Y 
Y = Yo + QEt 

= angle from vernal equinox to prime meridian at time t = 0 

s). = Earth rotation rate E 
= geomagnetic field vector expressed in Gframe BG 

(3-9) 

The magnetic field vector i? can be expressed in terms of spherical harmonics G 
by the 'following: B 

n+2 n. 
B = -  sin m $ + hn' cos m@) Ph**(8) n* 

n=l m=O 
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, and B are the radial (outward Here, Br, Be 

tive), and azimuth (East positive) components 
@ 

positive), coelevation (South posi- 

of B respectively. a is the G' 
equatorial radius of the Earth. r, e ,  and Q are the geocentric distance, coele- 

vation, and East longitude from Greenwich of the spacecraft position. p n p m  

are the Gauss-normalized associated Legendre polynomlals, whlch can be ob- 
tained from the following recursion relations: 

0 = 1  

n-1, n-1 P"*"=sin e p  

I ? * ~ = C O S  e P" P -1,m , e , m  n-2,m 
0 n 
L L -1) - m  , n > l  (2n - 1) (2n - 3) 

Kn,m3 ln 

Knsrn, 0 , n = l  

The recursion relations for the parff al derivatives of Pn' * a r e  given by 

gpn-l, n-1 
n-1, n-1 + (COS e) P -- 

de 
- (sin 8 )  aPn* 

a9 

&pn,m apn-l ,  m 
-- - (COS e) ae - (sin 8) P 

n-1,m 
b e  

(3-11) 

(3-12) 

n-2, m 

ae 
n,m b P  -K 

3- 9 



To reduce the computation time, the following recursion relations should be 

used for cos me and sin mqc 

(3-13) cos m0 = cos Rrn - 1)aj cos0 - sin0 sin Ern - 1) (p3 
sin m0 = sin [ i  - I)@] cos0 + sin0 cos km - 1) 4 

The constants gn’ and hn’ * in Equation (3-10) are related to the Gaussian 

coefficients gf and h t  by the following relations: . -  

(3-14) 

p m  - = S  hm 
n,m n 

where % can be calculated from the following recursion relations: 
9 

s = s  n,O n-1,O 
(3-15) 

(n - m + 1) (61, + 1) 
s m 2  1 n + m  = S  n,m n,m-l 

S 

1 i 
m J 

In Equation (3-E),  8 
otherwise. 

is the Kronecker delta defined as 8. = if i = j and 0 
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m m 
The Gaussian coefficients g and h, are determined empirically by a least- 

squares fit to measurements of the field. The coefficients for the International 

Geomagnetic Reference Field (IGRF) for epoch 1975 are given in Reference 3-3. 

3.4.2 Magnetic Dipole Model 

The magnetic dipole model used onboard the ST represents the geomagnetic 

- ~ 

- - - - - 

field in the Earth-fixed coordinate frame, 

is 9 

by six magnetic dipoles. That G' . -  

where q=zG-s oi 

(3-16) 

zG = (GEI RE 

= ST position vector in equatorial inertial coordinates 

R" = position vector of the ith dipole oi 
= dipole moment vectors of the ith dipole 

mi  

5iE 

E' 

in Equation (3-16), SE is obtained from the spacecraft ephemeris computation. 

[GE] is the transformation matrix given in Equation (3-9), and K& and Tmi 

were determined by LMSC (Reference 3-4) to minimize the root-mean-square 

(rms) e r r o r  in the magnetic field. It was concluded (Reference 3-1) that with 

this modeling, no update 9f the dipole data is necessary within the 15-year 

lifetime of the ST. 

A f t e r  

body-fixed coordinate can be computed using Equation (3-8). 

is obtained from Equation (3-16)' the geomagnetic field in the ST G 
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SECTION 4 - OPERATIONAL IMPACT OF ONBOARD CONTROL LAWS 

4.1 APPLICABILITY OF THE C P  AND ME CONTROL LAWS 

The primary requirement of the momentum management control law is to main- 

tain speeds of the reaction wheels below 10 hertz (References 4-1, 4-2, and 4-3). 

The performance of three control laws, includfng both the CP and ME laws, has 

been evaluated for various inertially fixed attitudes in a series of 24-hour simu- 

lations (Reference 4-2). In another study (Reference 4-4), the ME control law 

was evaluated during simulated slew maneuvers. A comparison of the ME law 

and the modified C P  law during maneuvers is given in Reference 4-5. The re- 
sults of these studies are summarized below. 

In the first  investigation, gravity-gradient torques were calculakl  assuming 

that the ST maintained an inertially fixed attitude. Nominal ST orbital elements 

and a simple dipole model of the geomagnetic field were used. Table 4-1 lists 

peak wheel speeds for the "worst case" condition, i .e . ,  the V1-axis pointing 

45 degrees out of the orbit plane. These data were obtained with a magnetic 

dipole moment limit of 1800 ampere-meters (A-m ) per coil. For the M E  
simulations, a desaturation period of 600 seconds and an update period of 

1 

2 2 

200 seconds were used. 

In the second investigation, slew maneuvers were simulated to evaluate the per- 

formance of the ME law. Slew rates of 0.15 degree per second were assumed. 

For each maneuver a single desaturation period, consisting of a lead time, the 

maneuver, and a lag time, was employed. Conclusions were reached about two 

functions: the minimum lead and lag time required to achieve the desired angu- 

lar momentum and peak reaction wheel speeds during the Lead and lag times. 

1 

'These data do not necessarily represent the worst cases. Increases in reac- 
tion wheel speed of up to 20 percent were noted for smaller angles. 
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Table 4-1. Comparison of Peak Reaction Wheel Speeds for 
the CP  and ME Control Laws (Reference 4-2) 

Control Law 

Peak Reaction Wheel Speed (Hz) 

CP ME 

Normal Operation 10.3 7 . 8  

Detected Coil 
Failure 

Undetected Coil 
Failure 

Undetected Tachometer 
Failure 

11 8.6 

14.8 10.3 

27 21 

Detected RW Failure 18 13 .5  

Undetected RLV Failure 11 13 .5  
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It was found that the minimum required lead and lag times vary from zero to 

some maximum value depending on the initial attitude and the direction of the 

slew. The maximum value is nearly independent of the size of the slew angle 

for slews larger than 30 degrees, Worst case maneuvers, i. e. 

the longest lead and lag times, were confined to a se t  of unfavorable orbltal 

track segments within the following approximate ranges : longitudes between 

150 and 300 degrees when the spacecraft latitude is decreasing o r  longitudes 

between 240 and 340 degrees when the spacecraft latitude is increasing. Ta- 

ble 4-2 compares the maximum lead and lag times required for favorable and 

unfavorable orbital track segments for different magnetic torquer conditions. 

Only a small percentage of the cases studied required the maximum times noted 

in Table 4-2. 

Peak reaction wheel speeds during each lead and lag time were noted. The peak 

those requiring 

1 

reaction wheel speed appears to be insensitive to the length,of the lead and lag 

time, but does depend on the following parameters: the amount of angular mo- 

mentum required to be dumped, % 
geomagnetic field as seen by the ST, 3; and the change in z d u r i n g  the 

maneuver. The reaction wheel speed limit of 1 0  hei’tz was exceeded in 5 per- 

cent of the maneuvers when four reaction wheels were operational and in 15 per- 

cent of the maneuvers when only three reaction wheels were operational. When 

all four reaction wheels were available, excessive speeds were confined to the 

unfavorable orbit track segments defined above; however, only a small fraction 

of the maneuvers in the unfavorable regions result in excessive speeds. No 

suitable parameters were found in Reference 4-4 for predicting which maneu- 

vers  would yield excessive reaction wheel speeds, and it was concluded that 

simulations were required to identify such maneuvers. 

the relative directions of and the D; D 

The performances of the modified C P  law (Section 2 . 2 . 1 )  and the ME law (with 

and without lead and lag times) a re  directly compared in Reference 4-5. Each 

i 
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Table 4-2. Maximum Lead and Lag Times 

Lead and Lag Times 
2 2 

Orbit 2800 A-m Mag. Dipole Limit 4000 A-m Mag. Dipole Limit 
Track 

Segment 4 Torquers 3 Torquers 4 Torquers 3 Torquers 

Favorable 500 sec 700 sec 350 sec 500 sec 

Unfavorable 900 sec 1200 sec 700 sec 900 sec 



of 14 maneuvers was simulated using each of the three laws. Slew angles var- 

ied from 30 to 180 degrees. More than half of these maneuvers were designa- 

ted as "difficult" cases based on the type of maneuver and orbit track segment. 

The performance of the ME law without lead and lag times was generally infer- 

ior to that of the other methods and will not be discussed here. 

Performance of the control laws was evaluated on the basis of two criteria: the 

number of cases in which the reaction wheel speeds exceeded 10 hertz outside 

of the maneuver period and the maximum time required to settle below the 

10-hertz limit. Maneuvers were simulated both assuming that all four reaction 

wheels were operational and assuming that one RWA was disabled. Also, the 

tests were repeated with estimation e r rors ,  i. e . ,  a mismatch between environ- 

mental and model representations of the gravity-gradient torque and geomagne- 

tic field. (TGG was overestimated by 10 percent and gallowed to vary up to 

40 percent.) The results of the study are presented in Table 4-3. 

--.. I 

For tests in which all the RWAs a r e  operational, the performance of the ME 

law appears to be superior. ME law failures, i. e., maneuvers resulting in 

excessive reaction wheel speeds, were a subset of the CP law failures. In four 

of these cases the SAA was encountered during the maneuver. Momentum man- 

agement is difficult during SAA passage because the geomagnetic field has a low 

magnitude and only small variations in direction. Introduction of estimation 

e r ro r s  had a greater effect on the performance of the ME law than on that of the 

C P  law; however, use of the ME law still resulted in fewer failures and signifi- 

cantly shorter times required to settle below the reaction wheel speed limit. 

For tests in which only three RWAs were operational, more failures were ob- 

served for both laws and the ME law failed nearly as often as the C P  law. The 

C P  law, however, requires considerably more time to settle below the 10-hertz 

limit without estimation errors .  The introduction of estimation e r ro r s  resulted 

in cases where the maximum reaction wheel speed never dropped below this lim- 

it .  While the ME law failed as often as the C P  law under these conditions, the 
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Table 4-3. Performance of the Modified C P  Law and the ME Law 
With Lead and Lag Times for 14 Identical Maneuvers 

Maximum Time Required 
to Settle Below 10-hertz 
Reaction Wheel Speed 

Number of Cases 
Exceeding 1 0-hertz 
Reaction Wheel Speed (seconds) 

ME - CP - ME - CP Conditions - 
Four RWAs Operational 

No Estimation Errors  6 3 

With Estimation 
Errors  

Three RWAs Operational 

No Estimation Errors  

With Estimation 
Errors 

2500 1300 

6 5 2500 1450 

9 7a 

9 9 

5600 1400 
b OD b OD 

a 

b 

This includes cases where the 10-hertz limit was exceeded during lead time. 

A steady-state condition of reaction wheel speed greater than 10-hertz was 
obtained. 
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C P  law resulted in higher maximum reaction wheel speeds. During the maneu- 

ver, the maximum speed exceeded 50 hertz in three C P  law cases and two ME 

law cases. Because 50 hertz is the maximum speed that a reaction wheel can 
achieve and still produce maximum torque output, these maneuvers are unat- 

tainable. 

Tentative conclusions may be drawn from the results of the three studies re- 

viewed above. They include the following: 

For inertially fixed attitudes, both the C P  and ME laws appear to be 

adequate for maintaining reaction wheel speeds below the 10-hertz 

limit during normal operation. Both laws fail o r  are only margi- 

nally successful in various cases of onboard hardware failure. In 

all but one case the ME control law is superior. , 
0 Both laws result in excessive wheel’ speeds following certain diffi- 

cult maneuvers. (The ME law can also fail in the lead time before 

a maneuver, ) The ME law fails in approximately 5 percent of ma- 

neuvers during normal operation and 10 percent of maneuvers with 

a reaction wheel failure. The C P  law fails more frequently. Diffi- 

cult maneuvers occur in a limited range of orbit track segments; 

however, many maneuvers in these ranges a re  satisfactory. At 

present, the only method known to distinguish the difficult maneuvers 

is computer simulation of the maneuvers. 

Difficult maneuvers require settling times of up to 1400 seconds for 

the ME law and 5600 seconds for the C P  law with onboard hardware 

failure; if estimation e r ro r s  are included in the simulation, steady- 

state reaction wheel speeds greater than 10 hertz sometimes result 

for both laws. Under extreme conditions, some maneuvers a r e  im- 

possible because reaction wheel speeds in excess of 50 hertz are 

reached. 
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In general, the performance of the ME law is superior. If the CP law were 

implemented onboard the ST, the ME law (or an equivalent technique) would 

still be required for some worst case targets, difficult maneuvers, and in the 

event of hardware failure. It would be necessary to identify such targets and 

maneuvers at the STOCC prior to uplink to the ST and to inform the onboard 

computer as to which control law to use at  each target. In a few cases the ME 
law is inadequate also. Such sltuations must be identified and avoided. 

* 

4.2 IMPACT ON ROUTINE OPERATIONS 

The C P  control law can be entirely implemented onboard the ST. No computa- 

tion at the STOCC is required to support the C P  law, except the generation of 

commands to disable a reaction wheel o r  magnetic torquing coil and to turn the 

control law on and off. 

The ME control law requires considerably more software to support i ts  imple- 

mentation. As explained in Section 3,  ME ground support hardware must gen- 

erate a set of Fourier coefficients representing the nominal momentum profile 

for each inertial target. The Fourier coefficients are calculated by numerical 

integration of the magnetic and gravity-gradient torques over half an orbit in 

N steps where the recommended value of N is 5. The numerical integration 

requires the calculation of TM, TcG, and 5 at 4N 120) points. The calcula- 
tion of involves two additional numerical integrations. Computer storage 

and execution time required for ground support of the ME control law can be 

estimated from execution of the Profile program (Reference 4-6). The Pro- 

file program has been used to study momentum management for the Solar Max- 

imum Mission (SMM). Profile calculates and several disturbance torques, 

including 

IBM S/360-95 c imputer. Calculation of all parameters for a 2-day interval 

in steps of 3 mimtes (a total of 960 steps) requires approximately 0.4 minute of 

of CPU time on the same computer. It is estimated that the numerical in- 

tegrations required for the ST application would take no longer to perform 

' 

- a  

R.I 

Execution requires 230K bytes of storage on the GSFC GG' 
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than the calculation of the additional disturbance torques now performed by 

Profile. 

Therefore, i t  is estimated that the 20 steps required for each ST target could 

be performed in approximately 0.01 minute on the same computer. Processing 

20 targets per day would require 0.2 minute of CPU time on the S/360-95 com- 

puter or 1 to 2 minutes in the high-speed core of the GSFC IBM S/360-65 com- 

puter. 

- 

Guide star  selection and target sequencing by the STOCC are expected to require 

significantly more computational support than momentum management. For the 

High Energy Astronomy Observatory-2, guide star selection and target sequen- 

cing are performed by the Detailed Observing Program (DOP) (Reference 4-7). 

The DOP is executed in the high-speed core of the GSFC IBM S/360-65 complter 

~- _ _  _.- -- 

and requires 10 to 20 minutes of CPU daily. Therefore, guide star selection 

and target sequencing are  expected to require an order of magnitude more C P U  

time than computation of the Fourier coefficients for the nominal momentum 

profiles. 

The lengths of the lead and lag times also must be supplied to the onboard com- 

puter (see Section 2.3.2.1). Computation of the minimum-lead and lag times 

would require simulation of every maneuver. Alternatively, maximum times 

could be determined for  various types of maneuvers as  done in Tables 4-2 and 

4-3. The type of maneuver could then be determined and lead and lag times 

could be assigned with negligible impact to STOCC operations. Peak reaction 

wheel speeds are not affected by lead and lag time lengths; however, assign- 

ment of maximum lead and Zag times might require longer dwell times at tar- 

gets and thus have scientific impact. 

A s  noted in Section 4.1, the C P  law fails and, less frequently, the ME law fails 

for some targets, maneuvers, and hardware failures. Presently, simulations 

a re  required to identify such cases. It is hoped that continued study will result 
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in parameterization of these events so that simulations will not be necessary 

for identifications. Simulation of maneuvers can be expected to have much lar- 

ger  computational impact than the calculation of nominal momentum profiles 

discussed above. Because ME failures appear to be a subset of CP failures, 

perhaps the ME law should be implemented for all sequences wtth a high proba- 

bility of failure. Then only simulation of the ME law would be required to iden- 

tify unfeasible sequences. 

4.3 IMPACT ON SCIENTIFIC PROGRAM 

The primary impact of momentum management on the ST scientific program is 

that some targets, maneuvers, o r  situations may not be feasible because of 

failure of the control law chosen to limit reaction wheel speeds. This subsec- 

tion reviews momentum management constraints on the scheduling of normal 

targets a s  well as targets of opportunity, serendipity targets, and target branch- 

ing. (See Reference 4-8 for descriptions of these special types of targets.) 

For inertial pointing during normal operation, the CP law appears to be ade- 

quate for most targets and the ME law appears to be feasible for all targets. 

Thus, there a re  no areas  of the celestial sphere which a r e  inaccessible during 

normal operations. For various onboard hardware failures, both control laws 
fail for some targets and orbit track segments. If vibrations in the ST resulting 

from excessive reaction wheel speed fail to damp out quickly, i t  is possible that 

certain regions of the sky (perhaps bands parallel to the ST orbital plane) would 

be permanently unobservable by the ST. 

The ME control law also fails in approximately 5 percent of normal maneuvers 

and in approximately 15 percent of maneuvers with only three operational RWAs. 

If i t  is necessary to avoid such maneuvers, then certain target sequences would 

be impossible. When combined with other restrictions because of bright object 

avoidance, occultations, etc. , momentum management restrictions on target 

sequences may cause delays in completing observing programs, especially 

those requiring observations at  specific times such as variable s ta r  studies. 
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Targets of opportunity a re  those which pertain to unpredictable, short-lived 

astronomical events such as novae o r  transient solar system phenomena. The 

STOCC should be able to schedule such targets within a few hours of notification 

of the discovery. The scheduling system should be capable of processing ap- 

proximately one target of opportunity per week. 

Scheduling targets of opportunity will be complicated by momentum management 

considerations. The STOCC must generate a new target sequence, which in- 

cludes the target of opportunity, to replace the target sequence in effect. If the 

ME control law is implemented, lead and lag times must be determined for the 

new maneuvers and nominal momentum profiles must be calculated for the tar- 

gets. For either control law it may be necessary to screen the new maneuvers 

against the control law failures discussed above. Maneuver to the target might 

be delayed until a favorable orbit track segment occurs, L€ determination of 

lead and lag times and screening of maneuvers require computer simulations, 

generation of the target sequence may be slowed, causing additional scheduling 

delays. Because of the transient nature of targets of opportunity, any delay in 

observation may have major scientific impact. Also, for some types of hard- 

ware failure, inertial pointing at the target may violate the reaction wheel speed 

limit. Such a control law failure may make observation of the event impossible. 

Serendipity targets a r e  those that happen to be available to a second scientific 

instrument (SI) during observation of a normal target by the primary SI. In 

particular, the wide field camera (WFC) frequently can be utilized while the 

normal observations proceed. The observer of serendipity targets has no 

control over attitude o r  e,xposure time. The principal constraint on serendipity 

mode observations is availability of power. Because serendipity targets a r e  

observed simultaneously with normal targets, momentum management proce- 

dures impose no additional constraints on their execution. 

Branching refers to an option in real-time operations whereby alternative ob- 

serving sequences are  scheduled and the experimenter chooses between them 
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prior to the time of observation. One sequence of targets is uplinked to the 

ST and that sequence is executed unless the experimenter chooses the alterna- 

tive sequence. The experimenter must make hisher choice in time to uplink 

the new commands before the maneuver. Both series of commands must be 

generated in advance. Thus, any calculations required for momentum manage- 

ment must be repeated for each sequence. These calculations include screening 

of targets and maneuvers and, for the ME control law, computation of the nomi- 

nal momentum profile and determination of lead and lag times. If simulations 

a r e  required, the amount of computation may limit the use of the branching 

technique. 

4.4 ESTIMATION OF REQUIRED RESOURCES 

Required ground support for implementation of the ME control law includes 

generation of the nominal momentum profile and lengths of the lead and lag 

times. Screening of targets and maneuvers appears to be necessary for the 

implementation of either the CP  law o r  the ME law. Because the C P  law can 

be implemented entirely onboard the ST, no additional software and hardware 

resources are required on the ground for its support,. 

Calculation of nominal momentum profiles would require computer resources 

similar to those needed to execute program Profile, which is described in 

Reference 4-6. Many of the Profile subprograms, which are  written in 

FORTRAN, a re  standard utilities in use at GSFC. 

Computer simulations may be required for the calculation of ME law lead and 

lag times and the screening of targets and maneuvers. A rough estimate of the 

resources required for such simulations may be obtained from a comparison 

with the High Energy Astronomy Observatory-2 (HEAO-2) Attitude Control 

Simulator (HACS) (Reference 4-9). HEAO-2 and ST both employ onboard com- 

puters, gyros, star trackers,  and reaction wheels for attitude control. The 

HEAO-2 HACS simulates the operation of all onboard hardware necessary for 
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attitude control and generates corresponding output telemetry. Much of the 

code in HACS, which is written in FORTRAN, is unique to the HEAO applica- 

tion. 

When HACS is executed on the GSFC IBM S/360-95 computer with the least 

time-consuming option (Le.,  no star trackers and minimal output), HACS can 

perform 60 integration steps per  C P U  second. For HEAO applications, the 

step size is 0.32 second. Because the step size required for ST momentum 

management applications is unknown, no estimate of the total time requirement 

is possible. 

Execution of HACS nominally requires 410K bytes of storage at the GSFC 

IBM S/360-95 computer. Reduction of the program to perform only functions 

of the type required for ST momentum management could signfficatly reduce 

this core requirement. 

Analaysis of the descriptions of Profile and HACS in References 4-6 and 4-9 

indicates that development and operation of a simulator of ST momentum man- 

agement may require considerably more resources than development and oper- 

ation of a program to calculate only nominal momentum profiles. 
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SECTION,S - PHYSICAL INTERPRETATION OF CONTROL LAWS 
AND ALTERNAZlfTE TECHNIO UES 

5.1  INTRODUCTION 

T h e  purpose of  t h i s .  s e c t i o n  is t o  provide phys ica l  i n t e r p r e -  
t a t i o n  of t h e  c o n t r o l  laws t o  b e t t e r  understand and compare 
t h e i r  performance, t o  h e l p  improve t h e  c u r r e n t  techniques,  
and t o  develop new techniques.  I n  gene ra l ,  a d e s a t u r a t i o n  
c o n t r o l  law is a method of  reducing t h e  build-up of space- 
c r a f t  momentum due t o  e x t e r n a l  environmental torques by gen- 
e ra ' t ing  a magnetic to rque  r e s u l t i n g  from t h e  i n t e r a c t i o n  
between t h e  geomagnetic f i e l d  and t h e  commanded magnetic 
t o rque r s  s i t u a t e d  on t h e  spacec ra f t .  

Each c o n t r o l  law can i n  gene ra l  be put i n t o  one of two main 
c a t e g o r i e s ,  depending on i t s  type of cont ro l - -c losed  loop o r  
open loop. I n  a c losed-loop c o n t r o l  law, t he  magnetic 
d i p o l e  command is updated using instantaneous measurements 
w i t h  the  i n t e n t  t o  achieve a des i r ed  torque a t  each update 
time. I n  an open-loop c o n t r o l  law, t h e  magnetic d i p o l e  com- 
mand is updated u s i n g  pred ic ted  information w i t h  t h e  i n t e n t  
t o  achieve a d e s i r e d  momentm a t  t h e  end  of  each update 
period. W i t h i n  each c o n t r o l  type,  c o n t r o l  laws can be f u r -  
t h e r  cha rac t e r i zed  by t h e i r  s p e c i a l  c r i t e r i a  o r  con- 
s t r a i n t s .  T h e s e  c r i t e r i a  or  c o n s t r a i n t s  a r e  independent o f  
t h e  c o n t r o l  type. That i s ,  every c o n t r o l  law can be e i t h e r  
c losed loop or open loop  r e g a r d l e s s  of w h i c h  q u a n t i t y  is 
minimized o r  w h i c h  c o n s t r a i n t  is  undertaken. T h u s ,  t o  spec-  
i f y  a c o n t r o l  law c l e a r l y , . i t  is necessary t o  spec i fy  not 

o n l y  c r i t e r i a  o r  c o n s t r a i n t s  b u t  also t h e  c o n t r o l  type.  

I n  p r i n c i p l e ,  a "minimum energy" law can  be e i t h e r  a 
closed-loop law o r  an open-loop law depending on how t he  
magnetic d ipo le  command is generated.  The t r a d i t i o n a l  way 
o f  using "CP law'' t o  represent  a c losed-loop law and "ME 
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lawn to represent an open-loop law is confusing from a phys- 
ical point of view. Open-loop laws, for example, can be 
derived. based on simplicity. Either the magnetic moment or 
the torquer commands could be held constant during the de- 
saturation intervals to produce the same end momentum con- 
ditions as an open-loop minimum energy law which keeps the 
direction of the desired torque constant. Actually, the ME 
law implemented for ST is an open-loop c o n t r o l  law that 
minimizes the total energy consumed by the magnetic torquers 
during the desaturation period. 
ST is a closed-loop control law that minimizes the magnitude 
of the instantaneous reaction wheel speed. 

The CP law implemented for 

In the remainder of this section, these two ST control laws 
will be referred to a s  the "current ME lawn and the "current 
CP law" to distinguish them from other alternative control 
laws that carry similar minimization criteria. 

Section 5.2 describes the control laws in general. Emphasis 
is given to the physical interpretations of the control 
laws, their similarities, differences, merits, and draw- 
backs. Section 5.3 summarizes the current control laws 
implemented for ST and discusses their problem areas. Sec- 
tion 5 . 4  presents alternative techniques for b o t h  i n e r t i a l  
targets and maneuvers based on our physical understanding of 
the control laws. The new techniques'are believed to have 
some advantaqes over the current ST implementations and may 
resolve several of the problems associated with the current 
laws. 
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5.2  

5 . 2 1 PHYSICAL INTERPRFTATTON 

- PHYSICAL INTERPRETATION AND GENERAL D I S C U S S I O N  

With some rearrangement, the current control laws can be 
described by a simple set of equations given in Table 5-1. 
In the table, all quantities are put into comparable forms 
to enable an easy comparison between a closed-loop and an 
open-loop control law and between control laws with dif- 
ferent minimization criteria. 
of the quantities listed in Table 5-1 is described below. 

In the table, FD is a desired torque, which is the torque 
a closed-loop control law is attempting to achieve momen- 
tarily through the interaction between the magnetic torquers 
and the geomagnetic field. Here FD, which is defined for 
open-loop control laws only, is the integration of a desired 
torque over a period of time (called the desaturation 
period). 
loop control law attempts to achieve over the desaturation 
period through the interaction between the magnetic torquers 
ahd the geomagnetic field. Thus, t h e  fundamental difference 
between the open-loop and the closed-loop control laws is 
that the former attempts to achieve FD momentarily, 
whereas the latter attempts to achieve FD over a desatura- 
tion period. 
discussed below. For all control laws based on Equa- 
tion ( 2 - 4 ) ,  T~ is obtained by replacing T~ with in 
the equation. That is, 

The physical meaning of each 

A 

Physically, HD is the desired momentum an open- 

a 
The determination of ?' and HD is briefly D 

A a 

A 

where HT i s  the total system momentum that equals the re- 
action w h e e l  momentum %, at inertial attitudes. For a 
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closed-loop control law, gT in Equation (5-1) is usually 
replaced by -%($ + 
called the magnetic gain and is a bias vector that is 
added to to keep the reaction wheel center speed at 
zero. For an open-loop control law, Equation (5-1) is inte- 
grated over the desaturation period to give the desired mo- 
mentum, HD. That is, 

where KM is a positive constant 

B 

a 

where ?;.,(t,) is the desired total momentum at the end of the 
desaturation period and rT(ti) is the measured total 
momentum at the start of the desaturation period. The 
length of the desaturation period controls the magnitude and 
direction of %. 
set at half an orbital period to include the major varia- 
t i o n s  in t h e  geomagnetic field and to be compatible with the 
period of the gravity-gradient disturbances so that only the 
nonperiodic portion of the accumulated gravity-gradient mo- 
mentum is dumped. 

Nominally, the desaturation period is 

The weighting matrix A of Table 5-1 is determined by the 
minimization criteria. A is the magnetic coil mounting 
matrix, M, in the current ME law to minimize the energy con- 
sumption and is the wheel mounting matrix, W, in the current 
CP law to minimize the reaction wheel speed. In the follow- 
ing discussion, t o  simplify the physical interpretations, an 
orthogonal system with A equal to the identity matrix will 
be assumed. 

5 - 5  



The c o s t a t e  vector  is def ined d i f f e r e n t l y  f o r  t h e  two con- 
t r o l  laws due t o  t h e  d i f f e r e n t  c o n t r o l  types.' 
c losed-loop c o n t r o l  law, T i s  t h e  d e s i r e d  torque  weighted by 
ikl'2, where i s  t h e  geomagnetic f i e l d .  For an 
open-loop c o n t r o l  law, P is  t h e  d e s i r e d  momentum weighted by 
both t h e  magnitude and t h e  d i r e c t i o n  of t he  geomagnetic 
f i e l d  over t h e  d e s a t u r a t i o n  per iod.  The  phys ica l  meaning of 
P for an open-loop c o n t r o l  law is  i l l u s t r a t e d  i n  Figure 5-1 
w i t h  t h e  assumption t h a t  t h e  magnitude of r i s  cons t an t  i n  
time. As shown i n  Figure 5-1, P is a f i c t i t i o u s  torque 
whose component along t h e  d i r e c t i o n  normal t o  t h e  i n s t a n -  
taneous geomagnetic f i e l d  is  t h e  instantaneous magnetic 
to rque ,  T ~ ,  generated by t h e  to rquers .  
TM over t h e  desa tu ra t ion  per iod is  equal  t o  $. 
c o s t a t e  vec tor  7 i n  an open-loop c o n t r o l  law is analogous t o  
t h e  des i r ed  torque TID i n  a closed-loop con t ro l  law a f t e r  
being proper ly  weighted. Figure 5 - 1  a l s o  i l l u s t r a t e s  t h e  
s i g n i f i c a n c e  of t h e  d e s a t u r a t i o n  period fo r  an open-loop 
c o n t r o l  law. Three c a s e s  covering d i f f e r e n t  d e s a t u r a t i o n  
per iods  a r e  shown i n  Figure 5-1. When t h e  d e s a t u r a t i o n  
per iod is very s h o r t ,  a s  i l l u s t r a t e d  i n  Figure S - l ( a ) ,  P 
approaches i n f i n i t y  due t o  the  near -s ingular  condi t ion .  I n  
t h i s  case, t h e  magnetic t o rque r s  a r e  given poorly d e f i n e d  

commands w i t h  the  r e s u l t  t h a t  t h e  magnetic torcues generated 
may go through an undes i rab le  path before  the  d e s i r e d  momen- 
t u m  is achieved. 

For a 

& 

-.L 

4 

A 

T h e  i n t e g r a t i o n  of 
a 

?he  

4 

l I n  t he  d e r i v a t i o n s  of t he  o r i g i n a l  CP and MF Izws i n  Sec- 
t i o n  2 ,  the  c o s t a t e  vec to r ,  P ,  was def ined o n l y  fo r  t h e  ME 
law. However, a n  analogous d e f i n i t i o n ,  s t a t e d  i n  
Table 5 - 1 ,  may-be introduced fo r  the CP l aw.  Use of t h i s  
d e f i n i t i o n  o f  P c l a r i f i e s  t he  s i m i l a r i t i e s  between t h e  two 
laws and f a c i l i t a t e s  t he  phys ica l  understandin9 of the 
def ined  i n  the  PI(F l a w .  

-z 
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T h i s  is shown i n  Figure S - l ( a ) ,  where the  maanetic torque 

t h h  d e s i r e d  momentum %. 
t i o n  w h e e l  speed a t  t h e  end of tl, w h i c h  i s  c e r t a i n l y  un-  
d e s i r a b l e .  T h u s ,  an open-loop con t ro l  law operated u n d e r  
very s h o r t  d e s a t u r a t i o n  pe r iods  can sometimes l ead  t o  
s e r i o u s  consequences. As t he  desa tu ra t ion  period inc reases  
a s  shown i n  Figure S-l(b) and (c)  t h e  c o s t a t e  v e c t o r  be-  
comes bet ter  def ined  and t h e  path of t h e  magnetic to rques  
becomes c l o s e r  t o  t h e  d e s i r e d  momentum. 

4 is  along a d i r e c t i o n  almost oppos i te  t o  t h e  d i r e c t i o n  of 
t 

TM 
T h i s  can cause a very high reac-  

-z 
The  sys tem magnetic d i p o l e  moment, pM, is the  magnetic 
d i p o l e  moment (def ined i n  t h e  spacec ra f t  body coord ina te  
system) t h a t  i s  requi red  t o  genera te  t h e  d e s i r e d  magnetic 
torques.  The magnetic to rque .% is  t h e  a c t u a l  i n s t a n t a -  
neous magnetic torque generated from the  i n t e r a c t i o n  between 
t h e  magnetic t o rque r s  and t h e  geomagnetic f i e l d .  T h e  magni- 
t u d e  and d i r e c t i o n  of rM a r e  a s  follows. 
loop c o n t r o l  law, 
normal t o  z. 
achieved under t h e  condi t ion  t h a t  FM m u s t  be perpendicular  
t o  g, although i d e a l l y  i t  would be d e s i r a b l e  t o  genera te  a 

f e r e n t  from t h e  i d e n t i t y ,  t h e  magnitude and d i r e c t i o n  o f  
5 d i f f e r  s l i g h t l y  from those descr ibed above. 
open-loop c o n t r o l  law, TM i s  a l s o  perpendicular  t o 5  a t  
any moment. 
i t s  in t eg ra t ed  e f f e c t  over t h e  d e s a t u r a t i o n  per iod equals 
t h e  des i r ed  momentum, HD. 
condi t ion  t h a t  

For a c losed-  
is t h e  component of  7 w h i c h  i s  

%I D 
T h i s  component i s  t h e  best  to rque  t h a t  can be 

t h a t  equa l s  TD. When t h e  weighting matr ix  A i s  d i f -  

For an 
A 

& 

However, TM a l s o  s a t i s f i e s  t h e  cond i t ion  t h a t  

A A 

That i s ,  TM s a t i s f i e s  the  

-- if b! d t  = HD 
t :  

( 5 - 3 )  



Figure 5-2. Geometrical Variations of the Desired 
T o r q u e  f o r  a Closed-Locp Control L a w  
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This indicates that although the desired torques cannot 
always be generated momentarily, the desired momentum can 
usually be generated over a period of time, taking advantage 
of the variations in the geomagnetic field. This forms one 
major advantage of an open-loop control law over the 
closed-loop control law. 

The last item in Table 5-1 is the commanded magnetic dipole 
The components of give the actual moment rT. 

dipole moment required by each of the magnetic torquers to 
generate the magnetic torque FM, and 
output of a control law sent to the magnetic torquers. 

T 

is the final T 

The weighting matrix A defined in Table 5-1 is controlled by 
the minimization criteria of the control laws. The simplest 
control law minimizes the deviation between FD and T~ in 
the body coordinates (MTD). The current CP law provides 
minimization of reaction wheel speeds (MWS) through use of 
reaction wheel mounting matrix W. The physical interpreta- 
tions of 

a 

for these two laws are compared in Table 5 - 2 .  

5.2.2 COMPARISONS AND MODIFICATIONS 

Both the closed-loop and the open-loop control laws have 
t h e i r  m e r i t s  and drawbacks. The greatest problem of a 

closed-loop law is that it attempts to achieve a desired 
torque momentarily, which is for all practical purposes im- 
possible. As a result, it produces a magnetic torque that 
is the component of T' normal to the geomagnetic field, D 
which may be a small fraction of the total. This process 
a l s o  effectively projects the resultant torque into the d i -  
rection of the geomagnetic field, which is an unfavorable 
direction for further reduction of the momentum. This situ- 
ation is illustrated in Figure 5 - 2 .  Apparently a great deal 
of energy is wasted in changing the direction rather than 
reducing the magnitude o f  the momentum. Furthermore, the 
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closed-loop control law attempts to always reduce the same 
fraction of the total momentum as controlled by the magnetic 
gain KM, regardless of the variation in geometry. This is 
not efficient, because the law should attempt to dump more 
momentum when the geometry is favorable and less momentum at 
an unfavorable geometry. In addition, the closed-loop con- 
trol laws attempt to dump both the periodic and the nonperi- 
odic gravity-gradient momenta, while only the nonperiodic 
portion needs to be dumped in many applications. 
problems associated with the closed-loop control laws are 
eliminated in the open-loop control laws, because the open- 
loop control laws look at the situation ahead of time to 
take advantage of the variations in geometry to dump the 
proper amount of momentum at the proper time. Thus, at the 
end of the desaturation period, the desired amount of momen- 
tum will be generated from the torquers. 

These 

The open-loop control laws are ideal if actual performance 
is exactly as predicted. However, in case of mcdeling er- 
rors or undetected failure conditions, reality can be very 
different from the prediction. 
known until the end of the desaturation period, which may be 

to0 late for correction. To resolve  t h i s  potential problem, 

a "modified open-loop control law" was suggested for ST that 
uses the half-orbit desaturation period to compute the nomi- 

nal momentum profile HNOM (refer to Section 3) and then 
uses H" 
tion (5-2), in computing H" when a much shorter desatura- 
tion period is used. With this modification, the advantages 
of the open-loop control laws are kept by forcinq the system 
momentum to follow the same time variation i t  would follow 
if a half-orbit desaturation period were used under nominal 
situations. 
open-loop control laws is reduced by decreasing the duration 

This difference w i l l  not be 

a 

as the targeting momentum, (t ) of Equa- T f  NOM 

D 

At the same time, the disadvantage of the 
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i of t h e  d e s a t u r a t i o n  per iod and increas ing  the  updating f r e -  
quency so t h a t  t h e  a c t u a l  system momentum can be measured a t  
a much higher frequency, and t h e  dev ia t ion  between the r e -  
a l i t y  and t h e  p r e d i c t i o n  can be included i n  rD and co r -  
r ec t ed  for a t  t h i s  new frequency. 

a 
In p r i n c i p l e ,  w i t h  a precomputed HNOM, t h e  s h o r t e r  t h e  
update per iod t h e  b e t t e r ,  i f  undetected f a i l u r e  cond i t ions  
e x i s t .  However, a s  discussed i n  Sec t ion  5 . 2 . 1 f  making t h e  
d e s a t u r a t i o n  per iod of an open-loop c o n t r o l  law a r b i t r a r i l y  
s h o r t  may cause t h e  c o s t a t e  vec tor  r t o  be i ll  defined and 
resu l t  i n  very undes i rab le  momentum before t h e  des i r ed  
momentum is achieved. For t h i s  reason, a 600-second d e s a t -  
u ra t ion  period w i t h  a 200-second updating frequency was rec-  
ommended i n  t h e  c u r r e n t  momentum management implementation 
f o r  ST. However, i f  ins tead  of u s i n g  an open-loop c o n t r o l  
law a t  a reduced d e s a t u r a t i o n  per iod ,  a c losed-loop c o n t r o l  

law is  used w i t h  t h e  precomputed rNoM, the  problem of de-  
termining 7 w i l l  no longer e x i s t .  I n  t h i s  "mixed-mode con- 
t r o l  law," t h e  updating frequency of commanding the  magnetic 
t o rque r s  can be reduced t o  the frequency of  the closed-loop 
c o n t r o l  laws, w h i c h  i s  approximately 50  seconds f o r  ST. The 
fundamental concept of a mixed-mode law is  t o  genera te  a n  
ins tan taneous  desired to rque  a s  i n  a closed-loop law, b u t  t o  
d e r i v e  t h i s  torque from t h e  expected momentum p r o f i l e  of an 
open-loop law.  A n  approximation of Equation (5-1)  w h i c h  i s  
a b a s i c  r e l a t i o n s h i p  of t he  cu r ren t  laws, c a n  be used t o  1 

gene ra t e  s u c h  a des i r ed  torque,  i.e., 

5-13 



where At is a small time interval' during which 
does not change significantly and rNOM is the nominal mo- 
mentum profile computed previously based upon an open-loop 
control law with a half-orbit desaturation period. The de- 
sired torque so determined is always nearly perpendicular to 
the instantaneous geomagnetic field because i?' 
puted from the nominal magnetic torques, which are momen- 
tarily perpendicular to $. 
which is a closed-loop control law operated with an open- 
loop HNOM, seems to retain the advantages of both the 
open-loop and the closed-loop control laws and is believed 
to be superior to the current control laws. This mixed-mode 
control law is further described in Section 5 . 4 .  

GG 

is com- NOM 

This mixed-mode control law, 

-z 

Another mixed-mode law that has a simpler implementation can 
be derived from the original "simple cross product law," 
i.e. 

where 

-L AF(t) = K [GoM(t) - H(t)]/At 

and 

( 5 - 6 )  

It is shown from the simulation results that, in the case 
of ST, the optimal value f o r  A t  is about 200 seconds.- 
The updating frequency--i.e. the frequency at which TD 
is calculated--is independent of At. To keep the advan- 
tziges of the closed-loop aspects of this technique, the up- 
dating frequency can remain a t  50 seconds. 

i 

5-14 



The c o s t a t e  v e c t o r ,  A P, and t h e  representation of TNoM(t) 
are b o t h  precomputed. 
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5 . 3  DISCUSSION OF CURRENT CONTROL LAWS 

Table 5-3 summarizes t h e  equat ions  used f o r  t h e  o r i g i n a l  and 
current  c o n t r o l  laws implemented for  ST. Two a l t e r n a t i v e  
c o n t r o l  laws (numbers 3 and 5 )  are  a l s o  included i n  the  
t a b l e  f o r  comparison. Control  law 1 is the  o r i g i n a l  CP law, 
w h i c h  i s  a closed-loop c o n t r o l  law t h a t  minimizes t h e  d i f -  
fe rence  between the  magnetic torque TM and t h e  des i r ed  
torque TD. I n  t h e  determinat ion of FD, t h e  o r i g i n a l  CP 
law ignores  t h e  g rav i ty -g rad ien t  torque,  TGG, and r ep laces  
t h e  system momentum rT by HRW, w h i c h  is  i n e f f i c i e n t  f o r  
a t t i t u d e  maneuvers. Control  law 3 is the  c u r r e n t  CP law 
implemented onboard ST, w h i c h  i s  a modified vers ion  of t h e  
o r i g i n a l  CP law. The c u r r e n t  CP law is  a c losed-loop con- 
t r o l  law t h a t  m i n i m i z e s  t h e  r eac t ion  wheel speed. 
proves the  determinat ion of FD by including t h e  

TIGG RW 
grav i  ty -gradien t  torque,  
t o  cover t h e  ca se  of maneuvers. I t  a l s o  provides  a c e n t e r  
speed c o n t r o l  loop t o  cons t an t ly  update t h e  value of 

i n s t ead  of  f i x i n g  $ a t  a predetermined value.  Control 
law 3 i s  a n  a l t e r n a t i v e  closed-loop c o n t r o l  law t h a t  i s  s i m -  
i l a r  t o  t h e  c u r r e n t  CP law except t h a t  i t  minimizes the  
energy consumption w h i l e  k e e p i n g  the projection of TM on  
TD a s  l a rge  a s  poss ib l e .  Control law 4 is the  c u r r e n t  M F  
law implemented onboard ST, w h i c h  is a modified open-loop 
c o n t r o l  law t h a t  minimizes the energy. I n  c o n t r o l  law A ,  a 
nominal momentum p r o f i l e  F? is  computed f o r  each of t h e  
i n e r t i a l  a t t i t u d e s  using a h a l f - o r b i t  a s  t h e  d e s a t u r a t i o n  
per iod.  T h i s  HNOM i s  then used i n  the determinat ion of 

when a s h o r t e r  desa tu ra t ion  per iod ( 6 0 0  seconds) and 
updating frequency ( 2 0 0  s e c o n d s )  a r e  used. As discussed i n  
Sec t ion  5.2.2, the  purpose of t h i s  modi f ica t ion  i s  t o  reduce 
t h e  e r r o r  made i n  an open-loop c o n t r o l  law i n  ca se  unde- 
t ec t ed  f a i l u r e  condi t ions  e x i s t .  Control law 5 i s  a n  a l -  
t e r n a t i v e  open-loop c o n t r o l  l a w  t h a t  i s  s i m i l a r  t o  t he  

A 

-L 

I t  i m -  

and rep lac ing  by 

-.L 

NOM 

a 
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current  ME law e x c e p t  t h a t  i t  minimizes  t h e  r e a c t i o n  wheel 
speed  caused  by t h e  secular  te rm o f  GG‘ “OM s h o u l d  
a l s o  be computed under t h e  same c r i t e r i a .  

N o t i c e  t h a t  i n  t h e  d e t e r m i n a t i o n  o f  and FD f o r  t h e  

c u r r e n t  ME law, t h e  t o t a l  momentum ZT given  i n  Equa- 
t i o n s  (5-1) and ( 5 - 2 )  h a s  been r e p l a c e d  by t h e  r e a c t i o n  
w h e e l  momentum HRW. T h i s  is  due  t o  t h e  s p e c i a l  way t h e  
c u r r e n t  ME l a w  i s  implemented ( r e f e r  t o  S e c t o n  2 .3 .2 .1 ) ,  
w h i c h  does n o t  require knowledge o f  t h e  sys tem momentum d u r -  
i n g  maneuvers.  I n  t h e  c a s e  of maneuvers,  t h e  normal mode of 
o p e r a t i o n  of t h e  cur ren t  ME law w i t h  a 600-second d e s a t u r a -  
t i o n  p e r i o d  and 200-second u p d a t i n g  f r e q u e n c y  i s  termi- 
na ted .  I t  is r e p l a c e d  by a s i n g l e  maneuver d e s a t u r a t i o n  
p e r i o d  w h i c h  i n c l u d e s  a l e a d  time b e f o r e  t h e  s t a r t  of  t h e  
maneuver and a l a g  time a f t e r  t h e  end of t h e  maneuver. 
T h u s ,  t h e  l e n g t h  of t h e  maneuver d e s a t u r a t i o n  p e r i o d  depends  
on t h e  l e n g t h s  of  t h e  maneuver and t h e  l e a d / l a g  times. I n  
t h e  cur ren t  onboard implemen ta t ion ,  each  maneuver h a s  a s i n -  
g l e  l e a d / l a g  time t h a t  w i l l  be de te rmined  by t h e  STOCC and 
u p l i n k e d  t o  t h e  s p a c e c r a f t  w i t h  t h e  maneuver commands. 

A 

D 

A 

The  drawbacks of t h e  c u r r e n t  ST  momentum management imple-  
men ta t ion  a r e  summarized below. 

1. T h e  cu r ren t  CP law is  n o t  an i d e a l  c o n t r o l  law be-  
c a u s e  o f  t h e  g e n e r a l  problems a s s o c i a t e d  w i t h  a l l  t h e  

c l o s e d - l o o p  c o n t r o l  laws  ( r e f e r  t o  S e c t i o n  5.2.2). I n  s u m -  
mary, i t  does  n o t  t a k e  advan tage  of  t h e  v a r i a t i o n s  i n  geom- 
e t r y  and t h e r e f o r e  does n o t  2ump t h e  r i g h t  amount o f  
momentum a t  t h e  r i g h t  t ime .  As a r e s u l t ,  a g r e a t  d e a l  o f  

ene rgy  i s  wasted i n  changing  t h e  d i r e c t i o n  o f  t h e  momentgn 
and dumping t h e  momentum g e n e r a t e d  b y  t h e  p e r i o d i c  p o r t i o n  
o f  t h e  g r a v i t y - g r a d i e n t  t o r q u e .  
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2.  The cur ren t  ME law uses t h e  energy  min imiza t ion  
c r i t e r i o n ,  w h i c h  may n o t  be t h e  b e s t  c h o i c e  f o r  ST momentum 
management. Minimizing t h e  w h e e l  speed may be more impor- 
t a n t  t h a n  minimiz ing  t h e  ene rgy .  I n  o t h e r  words,  t h e  ST 
r e q u i r e m e n t s  may be b e t t e r  met i f  t h e  cur ren t  ME law is r e  
p l a c e d  by c o n t r o l  law 5 i n  T a b l e  5-3. 

3 .  A t  i n e r t i a l  a t t i t u d e s ,  t h e  cu r ren t  ME law uses 
600-second d e s a t u r a t i o n s  p e r i o d s  w i t h  200-second u p d a t i n g  
f r e q u e n c i e s  t o  r educe  t h e  p o s s i b l e  e r r o r  i n t r o d u c e d  by unde- 
t e c t e d  f a i l u r e  c o n d i t i o n s .  However, t h i s  c h o i c e  o f  d e s a t u r -  
a t i o n  p e r i o d  and u p d a t i n g  f r equency  i s  s t i l l  n o t  o p t i m a l .  
The  upda t ing  f r equency  o f  t h e  c o n t r o l  law c a n  be f u r t h e r  
improved i f  t h e  "mixed-mode c o n t r o l  l a w "  d e s c r i b e d  i n  Sec- 
t i o n  5 . 2 . 2  i s  used:  t h i s  i s  a c l o s e d - l o o p  c o n t r o l  law o p e r -  

a t e d  w i t h  t h e  precomputed open-loop HNm. 

c o n t r o l  law a r e  g i v e n  i n  S e c t i o n  5 . 4 .  

4 

D e t a i l s  of t h i s  

4 .  Another drawback of  t h e  c u r r e n t  ME law is  e x c e s s i v e  
w h e e l  speed a f t e r  s l e w  maneuyers,  e s p e c i a l l y  under u n d e -  
t e c t e d  f a i l u r e  c o n d i t i o n s  (see S e c t i o n  4 ) .  T h i s  problem 
w i t h  maneuvers i s  caused  by t h e  s p e c i a l  way t h e  maneuvers 
a r e  handled  i n  t h e  c u r r e n t  ME l a w .  Depending on t h e  l e n g t h  
and geometry of t h e  maneuver and t h e  l e n g t h  of t h e  l e a d / l a g  

time u s e d ,  t h e  maneuver d e s a t u r a t i o n  p e r i o d  may be  t o o  s h o r t  
t o  p r o v i d e  enough g e o m e t r i c a l  v a r i a t i o n ,  w h i l e  on t h e  o t h e r  
hand,  i t  may a l s o  be t o o  l o n g  t o  r e c o v e r  an e r r o r  caused  by 

u n d e t e c t e d  f a i l u r e  c o n d i t i o n s  because  t h e  magnet ic  d i p o l e  
command i s  n o t  updated th roughou t  t h e  maneuver d e s a t u r a t i o n  
p e r i o d .  I t  is  ve ry  d i f f i c u l t  t o  d e f i n e  t h e  maneclver d e s a t -  
u r a t i o n  p e r i o d  s o  t h a t  b o t h  r e q u i r e m e n t s  can  be met a t  t h e  
same t ime.  

Because o f  t h e  drawbacks w i t h  t h e  c u r r e n t  i m p l e n e n t a t i o n ,  

a l t e r n a t i v e  t e c h n i q u e s  a r e  sugges t ed  f o r  bo th  i n e r t i a l  and 
maneuver c a s e s  t o  improve t h e  c u r r e n t  s i t u a t i o n .  T h e s e  
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i techniques require minor modifications to the onboard imple- 
mentation and are described in the following subsection. 
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5 . 4  ALTERNATTVE TECHNIOUES 

Because of t h e  problems a s s o c i a t e d  w i t h  t h e  cu r ren t  c o n t r o l  
laws a s  d i s c u s s e d  i n  S e c t i o n  5 . 3 ,  a new t e c h n i q u e  c a l l e d  t h e  
"mixed-mode MWS law" is  s u g g e s t e d  t o  r e p l a c e  t h e  current  ME 
law.  
i n  S e c t i o n  5 . 2 . 2  and is  g i v e n  i n  more d e t a i l  i n  t h i s  s u b s e c -  
t i o n .  I n  a d d i t i o n ,  t o  r e s o l v e  t h e  c u r r e n t  problems w i t h  

maneuvers,  a t e c h n i q u e  of implementing t h e  mixed-mode MWS 

law d u r i n g  maneuvers a l s o  i s  p r e s e n t e d .  

T h i s  mixed-mode MWS' law h a s  already been  i n t r o d u c e d  

5 . 4 . 1  ALTERNATIVE TECHNIQUE AT I N E R T I A L  ATTITUDES 

T h e  mixed-mode MWS l a w  i s  a c l o s e d - l o o p  m i n i m u m  w h e e l  speed  
c o n t r o l  law o p e r a t e d  w i t h  an  open-loop HNOM. 
of i n e r t i a l  a t t i t u d e ,  HNOM i s  o b t a i n e d  a s  i n  F i g u r e  3 - 1  

A 

For t h e  case 
-)r 

e x c e p t  t h a t  i n  t h e  
MM 8 i s  r e p l a c e d  by 

a t i o n s  of 7 and FM, t h e  o p e r a t o r  
A 

i s  o b t a i n e d ,  a T" O n c e  HNOM 

c l o s e d - l o o p  MWS law w i l l  be  used onboard t h a t  computes FD 
th rough Equat ion  ( 5 - 4 ) ,  w i t h  gT(t) r e p l a c e d  by H R W ( t ) .  

T h i s  t e c h n i q u e  a t  i n e r t f a 1  a t t i t u d e s  i s  summarized i n  F i g -  
u r e  5-3. The a d v a n t a g e s  of t h i s  n e w  t e c h n i q u e  o v e r  t h e  cur -  
r e n t  c o n t r o l  laws a r e  g i v e n  below. 

4 

5.4.1.1 Advantages Over t h e  C u r r e n t  CP L a w  

T h e  mixed-mode M W S  law i s  b e t t e r  t h a n  t h e  c u r r e n t  CP law 
because  i t  computes t h e  6 e s i r e d  t o r q u e  based o n  t h e  nominal  
momentum p r o f i l e  precomputed u s i n g  an open- loop  c o n t r o l  law 

w i t h  h a l f - o r b i t  d e s a t u r a t i o n  p e r i o d .  T h e  d e s i r e d  t o r q u e  s o  
d e t e r m i n e d  h a s  t h e  f o l l o w i n g  a d v a n t a g e s :  

1. I t  t a k e s  advan tage  o f  f u t u r e  g e o m e t r i c a l  v a r i a t i o n s  
s o  t h a t  t h e  p rope r  amount: of momentum w i l l  be 

dumped a t  t h e  p roper  time. 

T T h e  MWS c r i t e r i o n  i s  used f o r  h i s t o r i c a l  r e a s o n s  i n  ST 
momentum management. T h e  ME c r i t e r i o n  cou ld  also be used i n  
o t h e r  a p p l i c a t i o n s .  
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2 .  Only  t h e  n o n p e r i o d i c  p o r t i o n  of t h e  g r a v i t y -  
g r a d i e n t  momentum w i l l  be  dumped by  t h e  m a g n e t i c  

to rquers .  

The d e s i r e d  torque i s  a l w a y s  n e a r l y  p e r p e n d i c u l a r  
t o  t h e  g e o m a g n e t i c  f i e l d  so t h a t  v e r y  l i t t l e  e n e r g y  
w i l l  b e  w a s t e d  i n  c h a n g i n g  t h e  d i r e c t i o n  r a t h e r  

t h a n  r e d u c i n g  t h e  magn i tude  of t h e  momentum. 

The r eac t ion  w h e e l  c e n t e r  s p e e d  c o n t r o l  l o o p  i s  n o  
longer needed  because t h e  t a r g e t i n g  momentum rNoM 
a u t o m a t i c a l l y  k e e p s  t h e  r e a c t i o n  w h e e l  c e n t e r  s p e e d  
a t  zero.  T h i s  g r e a t l y  s i m p l i f i e s  t h e  o n b o a r d  com- 
p u t a t i o n ,  a s  c a n  b e  s e e n  by compar ing  F i g u r e  5-3  
w i t h  F i g u r e  2-3. 

3 .  

4 .  

5 . 4 . 1 . 2  Advan tages  Over t h e  C u r r e n t  ME Law 

The mixed-mode MWS c o n t r o l  law h a s  t h e  f o l ' o w i n g  a d v a n t a g e s  
o v e r  t h e  c u r r e n t  ME law: 

1. 

2 .  

3 .  

4. 

I t  r e d u c e s . t h e  u p d a t i n g  f r e q u e n c y  of  t h e  m a g n e t i c  
c o i l  commands from 200 s e c o n d s  t o  a p p r o x i m a t e l y  
5 0  s e c o n d s .  T h i s  w i l l  r e d u c e  t h e  d e v i a t i o n  be tween 
t h e  a c t u a l  and t h e  predicted r e s u l t s  when u n d e -  

t e c t e d  f a i l u r e  c o n d i t i o n s  e x i s t .  

I t  uses t h e  MWS i n s t e a d  o f  t h e  ME m i n i m i z a t i o n  c r i -  
t e r i o n ,  w h i c h  may b e  a d v a n t a g e o u s  i f  l a r g e  w h e e l  
s p e e d s  s h o u l d  b e  a v o i d e d .  

T h e r e  i s  n o  need  o f  d e f i n i n g  a d e s a t u r a t i o n  p e r i o d  
onboard .  T h i s  e l i m i n a t e s  t h e  p o s s i b i l i t y  of h a v i n g  
a n e a r - s i n q u l a r i t y  c o n d i t i o n  i n  computing t h e  c o -  
s t a t e  v e c t o r  F. 
T h e  required o n b o a r d  c o n p u t a t i o n  f o r  i n e r t i a l  point- 
ing is much s i m p l i f i e d .  b e c a u s e  i t  does  n o t  r e q u i r e  
t h e  p r e d i c t e d  g e o m a g n e t i c  f i e l d  c o m p u t c t i o n ,  a?.< no 
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integration is-involved. T h i s  can be seen by com- 
paring Figure 5-3 with Figure 2-6. 

5 . 4 . 2  ALTERNATIVE TECHNIQUE FOR MANEUVERS 

T h e  mixed-mode MWS law can be slightly modified to cover the 
case of maneuvers so that the current drawback with maneu- 
vers (number 4 given in Section 5 . 3 )  can be resolved. Two 
fundamental factors complicate the situation during maneu- 
vers: (1) the spacecraft body coordinate is no longer f i x e d  
in inertial space and (2) the nominal momentum profile 

can no longer be represented by a simple first-order "OM 
Fourier expansion. To overcome the first complication, a 
command generator (currently implemented onboard) is r e -  
quired to compute r 
between the body coordinates at two different times. To 
overcome the second complication, instead of storing the 
Fourier coefficients, the costate vector P that is precom- 
puted using a half-orbit desaturation period can be stored 
onboard for computing HNOM. 

the entire desaturation period, the value of soM at a n y  
time within the desaturation period can always be computed 
from P using the equation for TM and integrating Equa- 
tion ( 2 - 4 )  once P is obtained. The  implementation of the 
mixed-mode MWS con t ro l .  law for maneuvers is shown in F i g -  

ure 5-4. With this implementation, in addition to t h e  

Fourier coefficients, computed f o r  each of the inertial at- 
titudes, a costate vector for each of the m a n e u v e r s  also is 
required. The maneuver desaturation period is chosen to 
cover the period from a half-orbit before the end of t h e  

maneuver  to the end of the maneuver to ensure l a r g e  geornet-  

r i c a l  variations.' 

the coordinate transformation t,t" 

A 

Since P remains constant for 
a 

a 

This eliminates the necessitv of 

- 
IWhi le  a shorter period may be desirable, l o n g  desaturation 

p e r i o d s  z r e  not of concern because the mixed-node control 
l a w  updates commandes torques frequently, eliminating p r o b -  
lems due to failure conditions. 
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d e t e r m i n i n g  t h e  l e a d / l a g  time f o r  e a c h  of  t h e  maneuvers .  I n  
c:i-rge t h e  s t a r t  time of t h e  maneuver  d e s a t u r a t i o n  p e r i o d  so  
dc tecmined  f a l l s  w i t h i n  a n o t h e r  maneuver ,  t h e n  t h e  e n d  time 
of t h e  maneuver  s h o u l d  b e  u s e d  i n s t e a d .  T h i s  s t a r t  time of 
the maneuver d e s a t u r a t i o n  p e r i o d  s h o u l d  a l s o  b e  kept  o n b o a r d  
Eon: e a c h  o f  t h e  maneuver s  i n  a d d i t i o n  t o  t h e  c o s t a t e  v e c t o r  
P. The c o n t r o l  l aw  g i v e n  i n  F i g u r e  5-3 w i l l  b e  u s e d  o n b o a r d  
a t  an i n e r t i a l  a t t i t g d e  u n t i l  t h e  s t a r t  time of a maneuver 
d e s a t u r a t i o n  p e r i o d  i s  r e a c h e d .  Then t h e  c o n t r o l  l a w  will 
be s w i t c h e d  t o  t h a t  g i v e n  i n  F i g u r e  5 - 4  u n t i l  t h e  e n d  of t h e  
ntaneuver . 

-= 

I n  F i g u r e  5 - 4 ,  t h e  t imes i n  t h e  s u p e r s c r i p t s  i n d i c a t e  t h e  
times a s s o c i a t e d  w i t h  t h e  body c o o r d i n a t e  s y s t e m s  i n  which 
t h e  q u a n t i t i e s  a r e  r e p r e s e n t e d ,  w h i l e  t h e  times i n .  t h e  

p a l e n t h e s e s  g i v e  t h e  times a t  which t h e  q u a n t i t i e s  a r e  e v a l -  
ua t ed  or measu red .  When t h e r e  is  n o  supe r sc r ip t ,  t h e  two 
times w i l l  b e  t h e  same; t h a t  i s ,  t h e  i n s t a n t a n e o u s  body co- 
o r d i n a t e  s y s t e m  is  u s e d .  F i g u r e  5-4 i s  s i m i l a r  t o  F i g -  
ure  5-3 e x c e p t  t h a t  more o n b o a r d  c o m p u t a t i o n  i s  r e q u i r e d  t o  
compute t h e  nomina l  momentum p r o f i l e  a n d  t h e  c o o r d i n e t e  
t r a n s f o r m a t i o n s .  A c t u a l l y  t h e  c a p a b i l i t y  of c o m p u t i n g  t h e  
C o o r d i n a t e  t r a n s f o r m a t i o n  d u r i n g  maneuvers  a l r e a d y  e x i s t s  i n  

the c u r r e n t  i m p l e m e n t a t i o n  o n b o a r d  ST. I t  is done  by a s i m -  

p l i f i e d  command g e n e r a t o r  t h a t  i s  t u r n e d  on whenever  t h e  
maneuver e x c e e d s  1 0  d e g r e e s  ( R e f e r e n c e  5 - 1 ) .  Thus ,  no  a d d i -  
t i o n a l  c o m p u t a t i o n a l  module i s  r e q u i r e d  o n b o a r d  f o r  t h i s  

P u r p o s e .  T h e  c o m p u t a t i o n  o f  HNObl a t  a g i v e n  time c a n  b e  

done  by p r o p a g a t i n g  HNOM from a p r e v i o u s  t ime a s  shoFn i n  
F ig t l r e  5 - 4 ,  w h i c h  i n v o l v e s  v e r y  s i m p l e  a n d  s t r a i g h t f o r w a r d  
P r o c e s s i n g .  

A 

T h e  mixed-node MKS t e c h n i q u e  f o r  maneuvers  g i v e n  i n  F i g -  
u re  5 - 4  overcomes c u r r e n t  drawbacks  w i t h  maneuvers  becacs? 

i . t  u p d a t e s  t h e  m a g n e t i c  d i p o l e  commands a t  a c l o s e d - l o o p  

f r e q u e n c y  t h r o u g h o u t  t h e  maneuvers s o  t h a t  m u c h  b e t t e r  
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c o n t r o l  over the r eac t ion  wheel speed is  expected a f t e r  each 
maneuver, e s p e c i a l l y  when undetected f a i l u r e  condi t ions  
e x i s t .  

In summary, w i t h  minor modi f ica t ions  t o  t h e  c u r r e n t  c o n t r o l  
laws implemented for  ST, t h e  a l t e r n a t i v e  techniques shown i n  
F igures  5-3 and 5 - 4  f o r  t h e  i n e r t i a l  and maneuver cases ,  
r e s p e c t i v e l y ,  seem t o  provide many advantages over the cu r -  
r e n t  c o n t r o l  laws. T h u s ,  t hese  new techniques should be  

s e r i o u s l y  considered a s  possible replacements fo r  t h e  cur- 
rent c o n t r o l  laws. Simulation r e s u l t s  a r e  shown i n  Sec- 
t i o n  7 t o  compare the  performance of t h i s  mixed-mode c o n t r o l  
law w i t h  t h e  performance of t h e  c u r r e n t  c o n t r o l  laws. 
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SECTION 6 - lZlAT"J3MATICAL MODEL ACCURACIES 

This section discusses published accuracy requirements for the mathematical 

models used in the implementation of the C P  and ME laws, which were presented 

in Sections 2 and 3. 

6.1 MATHEMATICAL MODELS 

The onboard implementation of the C P  and ME control laws is summarized in 
Figures 2-3 and 2-6. The ultimate output from either law is the magnetic 

dipole moment command given by 

a -  
-1B'  X TD 

= M T  (MMT) - 4  

B' B PT  

for the C P  law and by 

m 

A 
for the M E  law. 

field measured by two redundant three-axis magnetometers and L3 is that calcu- 

lated from the onboard geomagnetic field model. 

M i s  the magnetic coil mounting matrix. B i s  the geomagnetic 
A 

C 
1 

Onboard implementation of the C P  law requires determination of the desired 

torque, T 
2 

which is calculated from D' 

(6-3)  

~ 

Note that in Section 6 the subscript "e" is used to denote calculated values. 1 
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Parameters in the second term on the right of Equation (6-3) are determined 

from RW tachometer and RGA data. The gravfty-gradient torque, ? is GG’ 
calculated from 

- T~~ = 3n2 0 [ gv x ‘GV’] 

where I is the ST inertia matrix, Ro is the vehicle orbital rate, and ^Rv is the 

unit ST position vector fn the spacecraft body-flxed coordinate system. 

The costate vector, F, required €or implementation of the ME law at inertial 

attitudes is given by 

(6-3) 

where 

- = B  ( t )  -HRw ( t  )-I GG dt HD NOM f 

0 
t 

New parameters introduced in Equations (6-5) and (6-6) are defined as  follows: 

0 t = t + 600 seconds and t is incremented in steps of 200 seconds. f o  0 

0 3 is the dyadic representation of the magnetic field (Equa- 

tion (2-30)) calculated from the onboard geomagnetic field model. 
C 

-I 

is the approximation of the nominal momentum calculated ”OM 
from Fourier coefficients provided by the STOCC. 

gRw is the RW system momentum derived from RW tachometer 

measurements. 
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(I' 
The computation of the Fourier coefficients of the nominal momentum profile 

by the STOCC is summarized in Figure 3-1. The Fourier coefficients a r e  

computed from the equations 

T +T 
0 -  (t) cos( t )  dt T 

I 
0 

T "OM (t) sin($t)  dt 
;= 

0 

The nominal momentum profile is given by 

where 

(6-7) 

f ToiTFGG dt] (6-10) 

0 
? = [[O" gc MMT 3: d j  -' [- T 

A 'B, and gc are caialated from a geomagnetic field model, and TGG is calculated 

from Equation (6-4) using the ST ephemeris available to the STOCC. 

i 
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The accuracy of calculations performed by the STOCC is discussed by Wernli in 

Reference 6-2. Two accuracy requirements stated in that document a re  

T is the time a t  the end of the last slew maneuver and T is the half-orbit 

period. Complete details of numerical integrations used in Equations (6-7) 

through (6-10) are given in Section 3. 

0 

6 . 2  ACCURACY REQUIREMENTSsAND ESTIMATES 

The accuracies of the calculations reviewed in Section 6.1 depend on the accura- 

cies of sensor observations, alignment estimates of sensors and magnetic coils, 

and mathematical models, including the integration techniques used. Estimates 

of the magnetic coil mounting matrix, M, and the alignment matrices for the 

R W s  and RGAs can be refined from an evaluation of the in-flight performance 

of the system. Biases in the measurement of B can also be determined from 

postlaunch analysis. Requirements to estimate alignments and biases of mag- 

netic coils, magnetometers, and other sensors and corresponding accuracy re- 

quirements for such determinations have not yet been published in Space Tele- 

scope Mission Operations Requirements (Reference 6-1). The remainder of 

this section discusses published accuracy requirements and estimates for the 

mathematical models. 

A 

1. The accuracy of the magnetic field model should be such that the 

peak vector e r r o r  is less than 10 percent. 

2. The e r r o r  inE referenced to the peak value of lHNOM [ should NOM 
not exceed 2 percent. 

The latter requirement is repeated in Reference 6-3. 

Wernli states that a six-dipole representation of the geomagnetic field can be 

used to fulfill requirements for both STOCC and onboard processing. The 

peak vector e r r o r  in this representation is approximately 6 percent, with a 

root-mean-square e r ro r  of about 2 percent. Wernli also states that a 
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30-kilometer position e r r o r  in the ST ephemeris results in a gravity-gradient 

torque e r r o r  of about 1 percent and a geomagnetic field e r r o r  of about 2 percent. 

Presumably the geomagnetic field e r r o r  due to ST position e r r o r  is in addition 

to any e r r o r  in the magnetic field model. The effects of e r ro r s  ins and ?? 
C GG 

on the accuracy of $ are  not discussed in Reference 6-2. The results of 

an analysis of integration techniques were presented, however. To achieve 

an accuracy of 2 percent in Wernli  recommends a maximum step size 

of 600 seconds when a fourth-order Runge-Kutta integration technique i s  used. 

(' 

NOM 

i 

Specific requirements for the ephemeris accuracies necessary to perform 

mission planning and scheduling a re  given in Table 3-1 of Reference 6-1. In 

this table the tentative accuracy requirement for the geomagnetic field strength 

(used for purposes of momentum management) is listed a s  4 percent (TBD) . 
The computed in-track ephemeris accuracy needed to realize this requirement 

is listed as  60 kilometers (TBD). It is further stated that orbit determinations 

a r e  required 2-1/2 (TBD) weeks prior to the observation. The relation in 

Reference 6-1 between ephemeris and magnetic field e r ro r s  (60 kilometers 

versus 4 percent) is consistent wit$ the statement in Reference 6-2 that a 

30-kilometer position e r r o r  causes a 2-percent e r r o r  in the magnetic field 

determination. Neither reference defines the type of e r r o r  (e. g., peak o r  

root-mean-square) that is used. Therefore, it is unclear how to combine the 

magnetic field e r r o r  due to ephemeris inaccuracy with e r r o r  due to the mag- 

netic field model. Note that the 4-percent e r ro r  due to ephemeris inaccuracy 

plus the 6-percent peak e r r o r  (Reference 6-2) due to model inaccuracy equals 

the 10-percent accuracy requirement for gc specified in Reference 6-2. 

1 

TBD, "To Be Determined, ' I  is defined in Reference 6-1 as follows: "To the 
present level of understanding, the subject identified by TBD is: a.) within 
scope of existing contracts or  within the Project planning baseline, but the 
subject needs better definition, or b. ) at present, there a re  no data available 
regarding the item which would permit review and assessment. 

1 
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In addition to the ephemeris required for mission planning and scheduling, 

ephemeris information for onboard processing must be supplied. Reference 6-3 

specifies that the state vector used onboard for the calculation of the ST orbital 

position ". . . shall be update(d) at a frequency of 72 hours o r  less, and shall be 

specified with precision sufficient to maintain a 25 Km in-track accuracy over 

the 72 hours. '' The state vector contains Keplerian orbital elements froan which 

the position is calculated using the equivalent of the standard expansion in terms 

of the eccentricity and mean anomaly (Reference 6-4). The effects of atmos- 

pheric drag a re  incorporated in the state vector itself (Reference 6-5) .  

Unofficial information (Reference 6-5) indicates that the accuracy requirement 

for the ST ephemerides may be relaxed to 120 kilometers for both ground and 

onboard processing with update frequencies of 8 to 10 days for the ground proc- 

essing and 3 days for onboard. 

A summary of available mathmetical model accuracies and requirements is pro- 

vided in Table 6-1. The first column of Table 6-1 gives the parameter. The 

second column gives specified accuracy requirements, when available. The 

ST position requirement is the one stated in Reference 6-1, which is necessary 

to maintain the desired magnetic field accuracy. The requirement for Zc is 

taken from Reference 6-2 and appears to include allowance for e r ro r s  from 

both the model and the ST position. The third and fourth columns give the esti- 

mated accuracies o f T  

and 120 kilometers, respectively. Er rors  i n B c  due to the model and ST posi- 

tion e r ro r s  are stated, but no attempt is made to combine these errors .  The 

accuracy o f Z  

This review of available documents reveals several deficiencies in the accuracy 

requirements for ST momentum management. These include the following: 

and& for ST position accuracies of 30 kilometers GG 

as a function of and gc is unavailable. GG NOM 

0 Requirements to estimate alignments and biases of magnetic 

coils, magnetometers, and other sensors and corresponding 

6 -6 



I 

Table 6-1. Mathematical Model Accuracies 
and Requirements 

Parameter Requirement Accuracy Estimates 

ST position 60 kilometers 30 kilometers 120 kilometers 1 

A - 1 percent 4 percent 

(6 percent 
+ 8 percent) 3 3 (6 percent 

+ 2 percent) 

2 
2 T~~ 
BC 10 percent 

--.I. 

"OM 

Reference 6-1. 

Reference 6-2. 

1 

2 

2 percent 
- 

Includes the peak vector e r ror  due to the geomagnetic field model and the 
e r ror  due to ephemeris inaccuracy. 

3 . 

6-7 



accuracy requirements for such determinations have not yet been 

published in Space Telescope Mission Operations Requirements 

(Reference 6-1). 

No accuracy requirement for the calculation of 7 
the documents reviewed. 

is available in 
GG 

The accuracy requirement for the calculated gedmagnetic field in 

Reference 6-1 appears not to include allowance for the e r r o r s  due 

to the field model. 

No analysis of the combination of geomagnetic field e r r o r s  due to 

field models and ST ephemerides is available in the documents re- 

viewed. 

No analysis of the effect on?i 

7? 
of e r r o r s  in the ST ephemeris, 

NOM 
a n d z c  is available in the documents reviewed. 

GG’ 

It is recommended that investigation of these deficiencies be initiated to estab- 

lish confidence in the ability of the ST momentum management techniques to 

perform their required functions. 
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